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THE OCCURRENCE OF ADENOSINE-3-TRIPHOSPHATE IN 
AUTOTROPHIC BACTERIA 


By G. A. LePAGE ano W. W. UMBREIT 


(From the Department of Agricultural Bacteriology, University of Wisconsin, Madison) 
(Received for publication, February 1, 1943) 


The ribose phosphates in the adenosine triphosphates (ATP) of yeast 
and muscle are known to have the phosphates in the 5 position (1). The 
ribose phosphate found in the adenylic acid from yeast nucleic acid was 
shown by Levene and Harris (2) to be a ribose-3-phosphate. Ostern et al. 
(3-5) have presented evidence that the yeast nucleic acid serves as a store- 
house of nucleotides for the formation of ATP and coenzymes, and that this 
transformation involves a shift of the phosphate from the 3 to the 5 position 
at the adenylic acid stage. 

In a previous paper concerning phosphorylated esters in autotrophic 
bacteria (6), it was shown that the third phosphate of the ATP occurring in 
these organisms was relatively more sensitive to hydrolysis than is that of 
animal muscle or yeast ATP. The evidence in this paper demonstrates 
that the ATP in the autotrophic organism, Thiobacillus thiooxidans, con- 
tains ribose-3-phosphate. To our knowledge, this is the first time that the 
3-ester has been reported existing in nature as the triphosphate. Evidence 
is also presented that this organism is unique in possessing adenosine-3- 
triphosphate, since other representative bacteria examined all contained 
adenosine-5-triphosphate. 

Two implications of this finding are notable; the presence of adenosine- 
3-triphosphate might be related to the ‘‘primitive’’ nature of this organism 
(7), or to the apparently high phosphate bond energies observed (8). 


EXPERIMENTAL 

Ribose-3-phosphate was shown by Levene and Stiller (9) to be hydrolyzed 
(under their conditions) at almost twice the rate observed with ribose-5- 
phosphate. This observation was used as a basis for differentiating be- 
tween the two esters. The entire procedures described have as their pur- 
pose the isolation of the pure ATP or adenylic acid, preparation of pure 
ribose phosphates from these compounds, and determination of position 
of the phosphate by measurement of hydrolysis rate. 

Preparation of ATP—-Muscle ATP was prepared as the barium salt by 
the method of Needham (10), both from normal rabbit muscle and from 
animals subjected to magnesium anesthesia (11). The material obtained 
was at least 98 per cent pure on the basis of easily hydrolyzable phosphorus 
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(calculated as the tetrahydrate). Phosphorus was determined by the 
method of Fiske and Subbarow (12) with modifications as described by 
LePage (13). Nitrogen was determined by a method similar to that of 
Johnson (14). Nitrogen found, 8.09 per cent; calculated, 8.23 per cent, 
The ratio of easily hydrolyzable to total organic phosphorus was 2:3.02 
(calculated 2:3). There was a trace (0.14 per cent) of inorganic phos- 
phorus present. 

ATP was obtained from the autotrophic bacterium, Thiobacillus thio- 
oxidans, by a procedure previously described (6) and the material isolated 
by the method of Needham (10). The resulting material had the following 
composition: nitrogen found 8.08 per cent, calculated 8.23 per cent; total 
organic phosphorus found 10.80 per cent, calculated 10.72 per cent; ratio 
of easily hydrolyzable to total organic phosphorus 2:3.04, calculated 2:3, 

Preparation of Yeast Adenylic Acid—This compound was required as a 
source of ribose-3-phosphate. It was isolated from yeast nucleic acid 
(Eastman) by the method of Jones and Perkins (15), the product being 
finally converted to the barium salt. The purity was tested by estimation 
of the N:P ratio; found 70:30.85, calculated 70:31. 

Preparation of Ribose Phosphates—The usual hydrolysis for the deter- 
mination of easily hydrolyzable phosphorus (7 minutes, 1 N HCl, 100°) in 
addition to removing the two labile phosphates from ATP also largely 
destroys the ribose-adenine linkage. Precipitation with barium at pH 8.2 
will remove the inorganic phosphate thus released, and addition to this 
filtrate of 4 parts of absolute ethanol will precipitate the ribose phosphates, 
as well as any undecomposed adenylic acid, as barium salts. Hence one 
can follow the rate of hydrolysis of the adenine-ribose linkage by determin- 
ing nitrogen in the barium-soluble, alcohol-precipitable fraction after hy- 
drolysis. Such measurements revealed that a 7 minute hydrolysis decom- 
posed 88 per cent of the adenylic acid, and that 10 minutes released the 
adenine completely. This short treatment does not measurably affect the 
ribose to phosphate linkage. 

Therefore, to prepare pure ribose phosphate, the pure ATP (or adenylie 
acid) was hydrolyzed in 1 Nn HC! for 10 minutes at 100°. Barium acetate 
was added, and the pH adjusted to 8.2. The samples were left in the 
refrigerator 4 hour, after which the precipitate was centrifuged out and 
removed. The supernatant fluid was treated with 4 volumes of absolute 
alcohol and held in the refrigerator 1 hour to obtain complete precipitation. 
Each of the precipitates (Ba phosphoriboses) was air-dried and checked for 
presence of adenylic acid by nitrogen analysis. No nitrogen could be de- 
tected in any of the preparations. The dried barium phosphoriboses were 
decomposed in 0.25 N H.SO,, the barium sulfate removed by centrifugation, 
and analysis carried out on the supernatants for total and inorganic 
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phosphorus. Inorganic phosphorus varied from 1 to 3 per cent of the total 
phosphorus present. Aliquots were taken and adjusted in each case to 
0.0005 mM with respect to organic phosphorus and to the same level in each 
ease With respect to inorganic phosphate (3 per cent of the total phosphate 
present). The latter is necessary because inorganic phosphate affects the 
hydrolysis rate. The hydrolysis curves were obtained at 100° by taking 
samples for duplicate analyses (inorganic phosphate) at intervals. The 
results are illustrated in Fig. 1, from which it is apparent that the ribose 
phosphate of the autotroph has a hydrolysis rate identical with that ob- 
tained for the ester from yeast adenylic acid (ribose-3-phosphate), and 
significantly different from that obtained for the ester from muscle ATP 
(ribose-5-phosphate). 
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Fic. 1. Hydrolysis of ribose phosphates in 0.25 n H,SO, at 100° 


If one is dealing with tissues which are relatively low in hexose diphos- 
phate, it is possible greatly to simplify the procedure for obtaining the 
ribose phosphates. Since bacteria, in general, tend to be low in hexose 
diphosphate, the following procedure was employed in obtaining adenosine 
triphosphates and ribose phosphates from representative species of bacteria. 
The cell extracts were treated with barium at pH 8.2, which precipitates 
the inorganic phosphates, hexose diphosphate, phosphoglyceric acids, and 
ATP. The ATP was destroyed in a 10 minute hydrolysis, yielding ribose 
phosphate, which was then freed of the other compounds by use of solu- 
bility of the barium salts. However, a part of the hexose diphosphate is 
converted to fructose-6-phosphate by the treatment and will contaminate 
the ribose phosphate. If the original hexose diphosphate content is low, 
this impurity does not significantly interfere with determination of the 
hydrolysis rate. 
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The cells of each species of the bacteria studied were grown in half 
strength nutrient broth with 0.5 per cent glucose (with aeration) for 30 to 
48 hours. They were harvested with the Sharples supercentrifuge, washed 
by suspending in distilled water and recentrifuging, and suspended in a 
solution of 2 per cent glucose + 0.5 per cent potassium phosphate at pH 6.8. 
The cells were in each case permitted to ferment 30 minutes, being main- 
tained at pH 6.8 by addition of KOH. O’Kane and Umbreit (16) have 
shown that in Streptococcus faecalis this markedly increases the adenosine 
triphosphate level. In each case the cells were removed from the glucose- 


TABLE I 
Hydrolysis of Ribose Phosphates in 0.25 n H2SO, at 100° 


Percentage of organic 
phosphorus hydro 


Position lyzed ’ Conclusion 
OO 6 Composition of ribowe POs gad 
phate * of PO, 
Yeast adenylic acid 3 28.0)35.0'42.8 47.0 Pure 
ATP, Thiobacillus thio 
oxidans 27.5 34.5 42.4.46.2 3 
ATP, rabbit muscle 5 14.5/21.0)29.2)33.5 
“ Escherichia coli 15.6/20.8/27.5|33.2 90.7% ribose PO, 5 
9.3% fructose-6-PO, 
Bacillus subtilis 16.3/21.827.1/32.3 88.6% ribose PO, 5 


11.4% fructose-6-PO, 
Staphylococcus 
11.6)16.6 25.933.9 90.2% ribose PO, 5 
9.8% fructose-6-PO, 


aureus 


ATP, Pse udomonag flu 


orescens 14.6/20.3/28.033.2 100% ribose PO, 5 
ATP, Saccharomyces 
cerevisiae (yeast) 15.5:21.1 29.3.34.2 100% - 5 


phosphate solution, treated with 1 to 2 cc. of acetone, and extracted first 
with 10 per cent trichloroacetic acid, and then with 5 per cent trichloroace- 
tic acid (12 hours in the refrigerator). The extracts were neutralized to 
pH 8.2 and excess of barium acetate added. This precipitates the ATP, 
hexose diphosphate, phosphoglyceric acids, and inorganic phosphates, 
along with a part of the hexose monophosphates. The fraction was freed 
of the latter by decomposing the precipitate with a slight excess of sulfuric 
acid and reprecipitating with barium, the supernatant being discarded. 
Each such fraction was now dissolved in | x HCl, hydrolyzed 10 minutes 
at 100°, then neutralized to pH 8.2, and excess barium acetate added. The 
only compounds which should now go into the barium-soluble fraction are 
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ribose phosphate from the ATP and 28 to 30 per cent of the hexose diphos- 
phate (as fructose-6-phosphate). The barium-soluble compounds were 
precipitated, as barium salts, with aleohol; the precipitates were air-dried 
and analyzed for inorganic phosphorus, total phosphorus, pentose, and 
fructose. Fructose was determined by the method of Roe (17), and pen- 
tose by the method of Mejbaum (18). Further treatment for determina- 
tion of the hydrolysis rate of the esters was identical with that already 
described for the ribose phosphate from animal muscle ATP. Results of 
hydrolysis of these esters in 0.25 N H2SO, at 100° are presented in Table I. 
From these data it is apparent that the adenosine triphosphates of the 
species of bacteria studied were all adenosine-5-triphosphate. 


DISCUSSION 


It appears from these data that this autotrophic cell is unique in possess- 
ing adenosine-3-triphosphate. The implication is that either the auto- 
troph has a more primitive metabolic process and is unable to convert 
adenosine-3-phosphate to adenosine-5-phosphate, or that it gains some 
advantage of energy transfer by possession of the different ester. Since 
this is the first report of the occurrence of the ester, there is no ground for 
further speculation as to its distribution and function. Attention should 
be drawn to the fact that the yeast nucleic acid containing this adenosine- 
3-phosphate does not come from the yeast nucleus, but is derived from the 
“metachromatic granules’ of the cytoplasm (Delaporte and Roukhelman 
(19)). Itshould also be emphasized that the ATP found in the autotroph 
did not arise from the nucleic acids of the cytoplasm as a result of the 
chemical treatments involved in its isolation, since in that case, adenylic 
acid would have been the product rather than adenosine triphosphate. 


SUMMARY 


Evidence is presented that the adenosine triphosphate present in the 
autotrophic bacterium, Thiobacillus thiooxidans, is adenosine-3-triphos- 
phate; that obtained from muscle, yeast, and a number of representative 
species of bacteria is adenosine-5-triphosphate. 
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A STUDY OF THE BLOOD CONSTITUENTS OF CARP AND 
TROUT* 


By JOHN B. FIELD, C. A. ELVEHJEM, anp CHANCEY JUDAY 


(From the Departments of Biochemistry and Zoology, University of Wisconsin, Madison) 
(Received for publication, January 28, 1943) 


Although the comparative biochemistry of lower vertebrates and in- 
vertebrates has been investigated frequently (1-3), information on the 
larger water animals is relatively meager. In connection with a study of 
a specific blood pathology in fish,' we found it necessary to establish the 
normal values for a number of important blood constituents as a basis for 
comparison. By widening the scope of analyses a comprehensive survey 
of the blood picture in two fresh water species, carp and trout, has been 
obtained. Several reports by other workers have dealt with individual 
substances in fish blood (4-9); however, most of the data included herein 
are being reported for the first time. 


EXPERIMENTAL 


Adult carp, Cyprinus carpio, spawned in 1936, and adult brook trout, 
Salvelinus fontinalis, spawned in 1937, were freshly seined from nearby lakes 
or were obtained from state hatchery stocks.2. The carp averaged 1350 gm. 
in weight, and the trout 250 gm. They were maintained throughout the 
experimental period in steel tanks of 6 or 8 cu. ft. capacity, supplied by 
water from Lake Mendota, Wisconsin. For the most part, the analyses 
were completed during the winter months, November, 1941, to March, 
1942, when the temperature of the water approximated 5°. Sufficient 
oxygenation of the water was assured by passing compressed air into each 
tank by means of three porous clay bulbs. 

The carp refused food for a short time after they had been received, 
although they later accepted yellow corn. Several of the trout were regu- 
larly fed canned cooked carp, while the remainder abstained from eating. 

Anesthesia was applied by means of an electric shock technique. The 
fish were placed in a narrow, water-filled, wooden trough, 8 inches wide and 
32 inches long, to each end of which an electrode of } inch mesh wire screen 
was attached. By means of a step-down transformer a potential of 30 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. This work was supported in part by a grant from the Wisconsin 
Alumni Research Foundation. 

' Field, J. B., Gee, L. L., Elvehjem, C. A., and Juday, C., unpublished experiments. 

* This project was made possible by the cooperation of the Biology Division of the 
Wisconsin Conservation Department and its Chief, Dr. Edward Schneberger. 
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volts was applied across the water for 2 minutes to incapacitate the carp, 
The trout were harmlessly anesthetized by similar exposure to a potential 
of 80 volts for 2 to 4 seconds. 

Blood samples were withdrawn by heart puncture into a syringe con- 
taining either 0.1 m sodium oxalate or Wintrobe’s solution. Individual 
animals were bled as often as eight times with an over-all fatality of about 
5 per cent. More than 100 animals were used for routine blood sampling. 

Fish blood was found to be somewhat labile and highly coagulable. 
Hemolysis occurred readily in carp blood if the sample was permitted to 
stand for only a few minutes before centrifuging. The sample clotted at 
once unless thoroughly mixed with oxalate or citrate solution as the blood 
was being withdrawn. Blood from the trout was more resistant both to 
hemolysis and to immediate coagulation. However, by resting recently 
transported carp for at least 2 weeks, these difficulties were generally mini- 
mized. Carp plasma appeared characteristically vellow, while that of the 
trout was colorless. 

Analyses of the blood of carp and trout included the determinations of 
cell numbers and cellular volumes, pH, the blood proteins, albumin, globu- 
lin, and fibrinogen, non-protein nitrogenous constituents, glucose, and 
vitamins. In addition, analyses of total lipids, total and free cholesterol, 
and inorganic elements were carried out on carp blood. 


Methods 


The above constituents were determined on whole blood, serum, oxalated 
plasma, or the Folin-Wu protein-free blood filtrate (10). Most analyses 
were based on accepted methods, with slight modification being required 
for several. All colorimetric methods were adapted for use with the 
Evelyn photoelectric colorimeter. Every assay included several standards 
containing known amounts of the substance being determined and most 
analyses were made in duplicate. The applicability of the procedures to 
fish blood was established by recovery experiments and by the use of 
alternate chemical procedures. 

Non-protein nitrogen was determined by digesting 0.2 to 0.8 ml. of the 
protein-free filtrate (1:10) with 50 per cent sulfurie acid for 3 minutes, 
completing the oxidation with potassium persulfate, and nesslerizing by 
the method of Johnson (11). Urea was determined by an aeration proce- 
dure (10) and nesslerization as above. Amino acids were analyzed by a 
rapid colorimetric method with 8-naphthoquinonesulfonic acid (12). 
Analysis of uric acid (13) was carried out both on the laked blood filtrate 
(Table 1) and on serum. Aeration into acid with subsequent nesslerization 
was used to determine the ammonia (14) content of whole blood samples. 
Fish blood, unlike rat blood, formed a viscous or gelatinous mass on treat- 
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ment with alkali, which limited the aeration to about 4 minutes. © Thus, 
results obtained may be regarded as minimum values. 

Total plasma proteins were determined colorimetrically (15); the usual 
factors for total plasma protein, albumin, and globulin were used in conver- 
sion. Fibrinogen was precipitated by treating saline-diluted plasma with 
calcium chloride and measured by a standard colorimetric procedure (16). 
Slightly lower values were obtained in measuring the fibrin clot by a 
gravimetric method (17). Hemoglobin (18), creatinine (10), creatine 
(10), glucose (19), total lipids (20), and total and free cholesterol (21) were 
assayed by standard methods. 

Vitamin A and carotene (22) and vitamin C (23) were determined on the 
plasma. The “carotene” extracted with petroleum ether (Skellysolve B, 
b.p. 66-68°) was not entirely the yellow color associated with purified 
samples or obtained from bovine blood, but of a pink hue which was un- 
related to hemolysis. An unknown interfering pigment is suggested. 
Nicotinic acid, riboflavin, and pantothenic acid in whole blood were assayed 
by microbiological methods (24-26). When the blood was extracted with 
ethyl ether, which apparently removes the effect of certain interfering 
bacterial growth stimulants (27), the riboflavin values were reduced 10 to 
20 per cent, while the values obtained on unextracted blood for pantothenic 
acid were reduced 20 to 30 per cent by the extraction. Thus the data on 
these two vitamins as given in Table III are probably somewhat too high. 

A survey of the following inorganic elements was undertaken in carp 
blood, chlorides (28), caleitum (29), magnesium (30), inorganie (31) and 
total phosphorus (32), sodium (33), potassium (34), iron,* manganese (35), 
and inorganic sulfur (36). Since the quantity of blood obtainable from the 
trout was limited, it was impossible to carry out the majority of the above 
analyses for inorganic elements on these samples. However, the values 
obtained for several of these substances in trout blood were essentially the 
same as those reported for the blood of carp. 


Results and Comments 


The data presented in Table I indicate that although carp and trout are 
both fresh water teleosts, significant differences in the quantitative distribu- 
tion of certain blood constituents were found. The pH of carp blood was 
unusually high (pH 7.67), while that for trout blood was approximately the 
same as for rat blood (pH 7.40) and human blood (37). The blood glucose 
of the carp was extremely variable (Table I) in comparison with the more 
limited range found in trout. Not infrequently the glucose content of the 
carp blood exceeded 200 mg. per cent, confirming a previous observation 
(8). The narrow limits of the blood sugar in trout are similar to the usual 


* McKibbin, J. M., and Elvehjem, C. A., unpublished data. 








264 BLOOD OF CARP AND TROUT 


concentrations observed in humans ((37) p. 318). Great differences be- 
tween the two fish were found in the protein components. Although the 
total plasma protein was only slightly higher in the carp than in the trout, 
the albumin-globulin ratio was 3.6:1 in the carp compared to 2.2:1 jp 
trout blood. The fibrinogen content of the fish plasma (Table I) ranged 
between 0.20 and 0.26 gm. per cent. The relatively low fibrinogen content 


TaBLe I 
Major Constituents of Blood of Two Fresh Water Teleosts 


These values represent analyses performed on five to nineteen samples. 





Carp Trout 
Average Range Average Range 
pH 7.67 7.65 7.69 7.338 | 7.2 7.37 
Red blood cells, thousands per 
c.mm., oe ae 841.5 652.0 -1133.0 (1013.9 740.0 -1552.0 
Mean corpuscular Hb, yy 72 63 78 75 61 - §2 
cell volume, cu.p 311 278 340 314 284 348 
White blood cells, thousands per 
c.mm, . 8.675 3.245 4.200 3.910 2.105 5.376 

Hematocrit, % 31.3 21.0 10.0 27.2 22.3 - @e 
Hemoglobin, gm. % 10.5 9.4 12.4 8.5 6.2 11.5 
Total plasma protein, gm. %. 4.15) 3.25 4.75 3.46 | 2.94 4.12 

Albumin, gm. % 2.82 2.04 3.35 2.10 1.74 2.56 

Globulin, “ &% 0.79 0.68 0.89 0.93 0.81 1.02 

Fibrinogen, gm. % 0.23 0.20 0.26 0), 22 0.20 0.24 
Non-protein nitrogen, mg. % 32.0 | 26.5 36.6 31.6 | 25.4 35.4 
Urea, mg. % 7.6 4.7 10.3 5.5 3.5 7.5 
Uric acid,* mg. % 2.6 55 3.0 8.6 au8 9.3 
Creatinine, ““ &% 0.56 0.42 0.87 0.72 0.51 0.85 
Creatine, mg. % 2.58 | 2.44 2.99 1.32 0.86 1.97 
Glucose, ‘“ &% 111.2 | 57.3 - 230.0 70.2 | 51.4 111.0 
Total lipids, % 1.233 1.048 1.400 

‘* cholesterol, % 0.662 0.459 0.795 
Free - q 0.314 0.244- 0.364 

* The average uric acid content of carp sera was 2.57 mg. per cent (2.28 to 2.72 


mg. per cent). 


of fish plasma and its deficient prothrombin activity (38) make an explana- 
tion of the characteristic rapid clotting power of blood from aquatic species 
highly enigmatical. 

The nucleated red blood cell of the carp and trout is exceedingly large. 
Its mean cell volume is approximately 310 cu.z in comparison with 120 cu.u 
for the nucleated red blood cell of chicks (39) and 85 cu.u for the nucleated 
red blood cell of humans (37). Likewise, the mean corpuscular hemoglobin 
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of a fish cell, approximately 73 yy, far exceeds the 28 yy reported as char- 
acteristic of the chick (39), and 29 yy established for human cells (37). 
The noteworthy values which appear to differentiate the nitrogen metab- 
olism of the teleosts from other orders are several; for purposes of com- 
parison the nitrogen distribution in protein-free rat blood is also included 
in Table II. The fish blood contained approximately the same amount of 
non-protein nitrogen as mammalian blood (Table II), but the distribution 
of the various constituents was found to vary with species. In the fish the 
amino acid nitrogen fraction accounted for 58 per cent of the total non- 
protein nitrogen as compared to 39 per cent in the rat. Fish blood con- 
tained approximately 18 mg. per cent of amino acid nitrogen, as compared 


Tasie II 
Determination of Non-Protein Nitrogen in Laked Blood Filtrate 


These values represent analyses performed on five to twenty samples. 


ay 


Rat* Carp Trout 

‘tee | Range = Range — Range 

mg. mg. mg. 

per | me. per cent ber mg. per cent per mg. per cent 

cent cent cent 
Non-protein N 37.0 |34.5 -40.2 |32.0 (26.5 36.6 (31.6 {25.4 35.4 
Amino acid ‘ 14.72)12.62-16.1917.84 15.20 -20.61 19.20 17.95 -20.95 
Urea N 12.2 | 7.7 -15.8 | 3.54 | 2.19 4.82 | 2.57 | 1.64 4.02 
Creatine N 0.80 0.76- 0.85) 0.83 0.78 — 0.96 | 0.42 | 0.28 — 0.63 
Creatinine N 0.25 0.17- 0.31 0.21 0.16 — 0.32 | 0.27. 0.19 - 0.32 
Uric acid ‘ 2.47) 2.12- 2.96 0.87 | 0.73 - 1.00 | 2.86 | 2.56 - 3.10 
Ammonia Nt 0.29 0.21- 0.39 0.068 0.023-— 0.106 0.104 0.059-— 0.300 
Undetermined N 6.27 8.64 6.18 


* Stock albino rats receiving a diet consisting of casein 18, yeast 8, Wesson salts 
4 (40), cod liver oil 2, and dextrin 68 
t Determined on whole blood. 


to 14 mg. per cent in the rat (Table II), and 5 to 8 mg. per cent in humans 
(37). Conversely, the amount of urea nitrogen, the end-product of pro- 
tein metabolism in these animals, was much less in fish blood compared 
to that of the rat, 2.5 to 3.5 mg. per cent versus 12 mg. per cent, while 
in the human it is even higher (37). Since homeostatic mechanisms 
(readily demonstrable in Mammalia) maintain a surprisingly constant equi- 
librium of the non-protein nitrogen fraction and most of its constituents, 
marked differences between species may express the comparative efficiency 
of their nitrogen metabolism. The non-protein nitrogen level in the blood 
is chiefly determined by the balance between the rate of protein catabo- 
lism, amino acid anabolism, and the excretion of nitrogen by the kidneys. 
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Baldwin (1) states that invertebrates excrete amino acids to a very great 
extent and suggests that ‘“‘the metabolic machinery of the invertebrates 
may be deficient in some way.”” Teleosts do not excrete amino acids (1), 
although it now appears that the amino acid concentration in the blood 
is high. The concentration of urea in the blood is inversely related to 
that of the amino acids (Table I1) 11, 37), suggesting that the metabolic 
efficiency in nitrogen conversion increases with the complexity of the spe- 
; cies. Ammonia is reported to be the major excretory product of the 
aquatic animal (1). The low amounts both of ammonia and urea in fish 
blood indicate not only that the formation of urea is relatively unimpor- 
tant in the fish but also the ease with which these species can release the 


é normally toxic ammonia into the urine. Variations in the other nitroge- 
nous constituents were relatively minor except that the carp differed from 
S the trout in having a significantly lower concentration of uric acid nitrogen 
(Table I1), 0.87 mg. per cent in the carp, 2.86 mg. per cent in the trout. 
. Trout blood resembled rat blood in this respect (Table II), while the lower 
level in carp is very similar to values reported for humans (37). Although 
this may only be a reflection of the purine intake of these animals, a urine 
: analysis would clarify these results. Moderate alterations in the nitro- 
; gen constituents of carp blood were apparently induced by the increasing 
temperature of the water as the summer advanced. 

The vitamin content of the fish blood is given in Table III. The ratio 
of the carotenoid fraction to vitamin A in the carp blood was found to be 
approximately 25:1 as compared to 2.5:1 in trout blood. The vellow corn 
dietary of the carp doubtless accounted for the highly pigmented sera of 
that animal, while the meat régime of the trout would presumably supply 
that species with more vitamin A than carotenoids. The amount of free 
vitamin © (reducing the indophenol dye) in trout blood was found to de- 

' cline progressively during prolonged periods of fasting until at length no 


vitamin © could be detected in some samples. Since fasted carp did not 
evidence such a change but remained fairly constant throughout, it might 
appear that the carp does not require exogenous vitamin C, while the 
trout is dependent on a dietary intake of the vitamin. 

Thiamine, when analyzed by a thiochrome procedure (41), was absent 
from ten individual samples of 10 ml. of carp blood, and also from two 
carefully dried 60 ml. pooled samples. Furthermore, it was found that on 
incubation of carp blood with the synthetie vitamin in vitro, 5 mi. inae- 
tivated | to 2 y. The destruction of thiamine by certain tissues of the 


~ 
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carp has been previously reported from this laboratory (42). 
Carp blood contained approximately twice the amount of total lipids 


f (Table I) present in human blood (37). In the fish, cholesterol accounted 
: for more than half of the lipids (Table I), while this fraction is only 25 per 


* These data, as yet incomplete, will be reported elsewhere 
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cent of the lipids in human blood (37). Almost one-half of the cholesterol 
in the carp blood exists in the free state (Table I). 


Tas_e III 
Distribution of Vitamins in Blood of Carp and Trout 
These samples represent analyses performed on five to fifteen samples. The 
authors are indebted to the following workers for assistance in performing certain 
of the vitamin assays: G. Kitzes, N. 8. Lundquist, L. E. Carpenter, L. J. Teply, 
and J. M. MeIntire. 


Carp Trout 

Average Range Average Range 

pF na y per 100 ml. hong. y per 100 mil. 
Vitamin A (plasma 8.6 3.2- 15.8 | 17.5 8.8— 32.9 
Carotene 6 217 125 -302 44 25 —- 63 
Vitamin (¢ “9 470 260 -670 230 0 -800 
Nicotinic acid (whole blood). . 587 545 -669 290 224 -360 
Riboflavin* (whole blood) 110 85 -132 54 47 - 61 
Pantothenic acid* (whole blood 118 70-210 165 | 121 -250 


* Untreated samples analyzed by microbiological methods. When the samples 
were extracted with ethyl ether (27), they yielded lower values. A typical example 
of the assay for pantothenic acid is: unextracted carp blood, 1.14 y per ml. (0.77 to 
2.10), extracted 0.83 y per ml. (0.53 to 1.35); unextracted trout blood, 1.97 y per ml. 
(1.32 to 2.50), extracted 1.65 y per ml. (1.25 to 1.90). The riboflavin values were 
similarly reduced 10 to 20 per cent by extraction. 


TaBLe IV 
Inorganic Constituents of Carp Blood 


These values represent analyses performed on five to ten samples. 





Average Range 
mg. per cent mg. per cent 
Chlorides, as NaCl (whole blood 401 347 —446 
Caleium (serum) 11.50 9.45 - 14.77 
Magnesium (serum) 3.32 2.52 - 3.88 
Sodium (serum) 300 292 -316 
Potassium (serum 24.6 17.5 - 26.9 
(whole blood 169.5 154.0 -176.5 
Inorganic phosphorus (serum 8.69 6.79 - 12.10 
Total phosphorus (serum 19.0 37.3 60.6 
Inorganic sulfur 6 0.944 0.765 - 1.172 
Iron (serum) 0.025 0.016 — 0.033 
Manganese (whole blood 0.0058 0.0058—- 0.0072 


The percentage concentrations of the inorganic elements in the blood 
of a fresh water species, the carp (Table IV), are far less than those reported 
for marine forms by Macallum (3). When, however, the ratios of the 
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elements, sodium, potassium, calcium, and magnesium, in the serum are 
recalculated in relation to sodium arbitrarily chosen as 100 (Na 100, 
K 8.20, Ca 3.83, Mg 1.11) and compared to similar ratios for the marine 
forms ((3) p. 330), there is revealed a striking parallelism between fresh 
water and salt water fish which Macallum would believe “points unmis- 
takeably to a common origin for all.”” The quantitative levels of the inor- 
ganic elements in carp blood are similar to those established for human 
blood (37). 

It should be apparent that a ‘“‘normal”’ fish is difficult to define. The 
animals used in these experiments had been removed from their natural 
habitat and dietary and placed in an artificial, confining environment, and 
subjected either to a limited diet or self-imposed starvation. Furthermore, 
our method of anesthesia, conceivably placing a strain on the animals, 
might have induced alterations in the blood picture. However, the deter- 
mination of many constituents in the blood of both anesthetized and un- 
anesthetized animals vielded essentially the same results. The values 
obtained were readily reproducible under these limited or similar condi- 
tions and the ranges were generally restricted. Thus, these data probably 
approximate values existing under more natural conditions 

SUMMARY 

1. Carp (Cyprinus carpio) and trout (Salvelinus fontinalis) were anes- 
thetized by an electric shock technique and blood samples were withdrawn 
by cardiac puncture. The blood was analyzed for protein, nitrogenous 
constituents, vitamins, and inorganic elements. 

2. Fish blood characteristically differed from mammalian blood in that 
(a) the red blood cell count was low, while the cell volume and the corpuscu- 
lar hemoglobin were extremely high; (6) hemoglobin and the plasma pro- 
tein were low; (c) the non-protein nitrogen fraction consisted mainly of 
amino acids, while urea and ammonia were low; (d) total blood lipid and 
cholesterol were unusually high. 

3. Blood from these two distantly related fresh water species, although 
generally similar, exhibited several important differences. These were the 
pH, the albumin-globulin ratio, the content of hemoglobin, uric acid, and 
creatine, and the distribution of carotene and vitamins A and C 

4. Thiamine was absent from carp blood; the blood of this animal pos- 
sessed the ability to destroy the synthetic vitamin in vitro. 

5. A consideration of the inverse relationship of the blood concentra- 
tions of amino acids versus urea and ammonia in several species is the 
basis for a discussion of the comparative efficiency of nitrogen metabolism. 
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HYDROLYSIS OF STARCH AND GLYCOGEN BY BLOOD 
AMYLASE* 


By DANIEL LUZON MORRIS 


(From the Putney School, Putney, Vermont) 
(Received for publication, February 11, 1943) 


In all cases previously reported, amylases have been shown to hydrolyze 
starch, dextrin, and glycogen at widely different rates (1-3), which are so 
characteristic that they have been used for the identification of the poly- 
saccharides (3). Blood amylase, in sharp contrast to all the others, breaks 
down these polysaccharides at rates that are closely similar. 


EXPERIMENTAL 


The diastatic activity of blood and plasma has been determined by 
Somogyvi’s method (4). This depends on the amount of reducing sugars 
formed by a given amount of blood from an excess of starch under given 
conditions. With each blood sample the washed rice starch recommended 
by Somogyi has been compared with other polysaccharide preparations. 
The data in Table I represent mg. of sugar formed per 100 ec. of blood in a 
number of typical cases. 

The corn glycogen and dextrin were prepared as previously described 
(3). The soluble starch was prepared by Lintner’s method from potato 
starch. Liver glycogen was prepared by Somogyi’s method (5) from rabbit 
liver, with a final precipitation from acetic acid (6). In each case reducing 
sugars were determined in the original polysaccharide solution, as well as 
in the blood, so that the values shown represent sugar actually formed by 
the amylases. 

In the calculation of results it was noticed that it is not necessary to use 
Somogyi's table of sugar values for the “high alkalinity’ copper reagent; 
the curve for these values is sufficiently flat so that the formula, S = 
30.9(1° + 0.26), gives results which agree within about | per cent through- 
out the curve. S is the number. of mg. of sugar, calculated as glucose; 
is the number of ec. of 0.005 ~ thiosulfate solution used; that is, the differ- 
ence between the titrations of the blank and the determination. A further 
simplification is possible if the determination of blood sugar is done sim- 
ultaneously under the conditions recommended by Somogyi. In this case 
the diastatic value is 30.9(P —B) where P and B are respectively the titra- 
tion values for polysaccharide and blood alone, in ec. of 0.005 N thiosulfate; 


* This paper was presented at the meeting of the American Chemical Society at 
Buffalo, September, 1942. 
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the blank is not required. The calculations can be made quickly on a 
slide rule. 

A sample calculation is the following. Plasma diluted with 1 volume of 
saline was used. The blank determination was 19.52 ec.; the titration of 
plasma alone was 17.67 cc., while that of plasma with glycogen was 11.39 
ec. Thus the diastase value is 30.9(17.67 — 11.39) or 194 mg. per cent. 
The plasma sugar is 30.9(19.52 — 17.67 + 0.26) or 65 mg. per cent. 
Since the plasma had been diluted, the final values are twice those given, 


TABLE | 
Diastatic Activity of Blood and Plasma 


The data represent mg. of sugar formed per 100 cc. of blood. 


= Substrate — — Substrate sm so 
With rabbit blood 
1 Rice starch 254 3 Rice starch 306 
Corn glycogen 255 Corn glycogen 332 
2 Rice starch 298 3 Liver 336 
Corn glycogen 338 Corn " 350 
With rabbit plasma 
1 Rice starch 346 l Rice starch 393 
Corn glycogen 376 Soluble starch 393 
2 Rice starch 380 Corn glycogen 105 
Corn-starch 378 
Corn glycogen 388 


With human blood 


Rice starch 34 
Corn glycogen 41 P 
Liver " 39 
Dextrin 36 


or 388 and 130 mg. per cent respectively. The use of Somogyi’s table 


gives 390 and 131 mg. per cent. 
DISCUSSION 
It will be noted that the differences in the hydrolysis rates are at the edge 
of the range of experimental error, but that in every case in which there is 
an appreciable difference, the starch is hydrolyzed more slowly than is the 
glycogen. The differences might be caused by the effect noted by both 
Somogyi (4) and Hanes (7), that iodine is held rather persistently by 
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excess starch during titration with thiosulfate; this sometimes results in 
shot end-points. It may well be that an excess of thiosulfate is required to 
remove the last traces of iodine from the starch. We have found that this 
is definitely true in some starch-iodine mixtures, but it never seems to hap- 
pen with glycogen. If the differences are significant, however, they repre- 
sent a situation sharply contrasting with that of all the other amylases 
that have been reported, malt, salivary, pancreatic, and liver, with all of 
which the starch is broken down much more rapidly. 

Glock noticed (2) that human liver amylase gave results entirely com- 
parable to those with other amylases, but that animal liver amylases showed 
much smaller differences in rates. She pointed out, though in a different 
connection, that it was difficult to obtain liver preparations free of blood 
enzymes. It is possible therefore that her results were affected by blood 
amylase, and that animal liver amylase would behave like the others if it 
were pure. 

It should be noted that Papayanopulos (8) mentions without details the 
fact that it makes no difference whether glycogen or starch is used as sub- 
strate in blood diastase determination. 


SUMMARY 


Blood diastase has been shown to differ from all the other amylases so 
far studied in that it hydrolyzes glycogen and starch at nearly the same rate. 

Simplified methods are presented for the calculation of results in Somo- 
gyi’s method for the determination of blood diastase. 
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COMPARISON OF THE LIPOTROPIC EFFECTS OF CHOLINE, 
INOSITOL, AND LIPOCAIC IN RATS 


By GERTRUDE GAVIN,* JEAN M. PATTERSON, ano E. W. McCHENRY 


(From the School of Hygiene, University of Toronto, Toronto, Canada) 
(Received for publication, January 29, 1943) 


Ina preliminary communication (1) we reported that inositol would pre- 
vent the development of that type of fatty liver, characterized by a high 
content of cholesterol, which is produced in rats by the administration of 
biotin. The lipotropic action of inositol has been studied with other types 
of fatty livers and has been compared with the effects of two other lipotropic 


agents, choline and lipocaic. 
Methods 


Rats have been employed as test animals. The strain, age, and care have 
been previously described (2). To diminish the stores of B vitamins and of 
fat, the animals were fed Diet | for 3 weeks. During the 4th week the 
diet was varied as indicated for each series, the composition of the diets 
being given in Table I. Vitamin supplements were administered during 
the 4th week in the quantities previously used (4); the amounts of choline, 
lipocaic, and inositol used in each series are given in Tables II and III. 
Estimations of total crude fatty acids and of cholesterol were made by 
methods previously reported (2, 4). Results of these determinations are 


given as averages for groups of ten animals. 


EXPERIMENTAL 


Series A- This series was planned to compare the effects of choline, 
lipocaic, and inositol upon fatty livers caused by biotin. Diet 1 was fed 
throughout the experiment. During the supplemental period all animals 
received thiamine, riboflavin, pyridoxine, nicotinic acid, and calcium panto- 
thenate; choline, biotin, inositol, and lipocaic were administered as in- 
dicated in Table IT. 

Series B-—-Since the results of Series A had indicated that inositol was 
concerned with cholesterol metabolism, it seemed advisable to test its 
effect upon rats fed cholesterol in a fat-free diet. Diet 1 was given during 
the depletion period and Diet 2 during the 4th week with thiamine, ribo- 
flavin, pyridoxine, nicotinic acid, and calcium pantothenate supplied to all 
animals. In those groups which received choline, an increased amount 
(30 mg. per rat per day) was administered, since Best and Ridout (5) had 


* Deceased, November 9, 1942. 
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shown that large doses of choline would partially prevent the production of 
fatty livers in rats fed cholesterol. 


TABLE I 


Composition of Diets 


Constituent Diet 1 Diet 2 Diet 3 
Casein, Labco, vitamin-free 10 10 10 
Agar 2 2 2 
Salt mixture (Steenbock-Nelson Salts 40 (3)) 4 1 } 
Sucrose..... . S4 2 52 
Cholesterol ; 0 2 2 
Corn oil (Mazola) 0 0 30 
Cod liver oil concentrate (Ayerst, McKenna, and 
Harrison) 0.015 0.015 0.015 


TABLE II 


Averages for Groups of Ten Rats Obtained during 4th Week of Experiment 


Crude fatty 
Basal acids 
Series | diet Special supplements 
No. 


Cholesterol 


Liver Body = Liver | Body 


per cent percent mg me 

A l None 15.3 5.6 19 95 
10 mg. choline 6.7 5.7 12. 102 

5 y biotin, 10 mg. choline 15.6 5.9 37 | 

— =“) a ‘* 200 mg. lipocaic mei le 4 | 121 

» - _ ‘* 2 mg. inositol 6.3 6. 13 | 102 

B 2 None 24.6 | 6.5) 69 | 243 
30 mg. choline 9.1 7.3 37 | 279 

300 ** lipocaic 13.8 6.0 36 | 254 

10 ‘* inositol 13.3 6.9 27 «(298 

30 “ choline, 300 mg. lipocaic 7.3) 6.1 30 | 225 

— « - 10 ** inositol 3.9 wie 18 | 264 

6 3 None 26.0 9.5 72 | 205 
30 mg. choline 11.7 | 14.9 93 316 

300 ‘‘ lipocaic 26.0 10.9 100 276 

10 ‘ inositol 17.1 10.6 56 264 

30“ choline; 300 mg. lipocaic 8.7 13.6 71 | 215 

300=«C - i0 ** inositol 9.1 14.1 72 | 281 

D l 25 y thiamine 10.2 4.3 15 | 142 
25 * - 10 mg. choline 3.1 4.2 8 | 132 

25 ‘ 10 ‘* inositol 9.2 1.9 13 164 

25 10 “* choline, 10 mg. inositol 2.9 4.2 7 | 138 


Series C --In this case a high.fat diet (No. 3) was used during the sup- 
plemental period, so that a comparison could be made with Series B, in 
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which a diet practically devoid of fat was employed. Otherwise, the treat- 
ment of the animals was the same as in Series B. 

Series D-—-It has been reported previously from this laboratory that 
choline will prevent fatty livers caused by thiamine (6). This series deals 
with the effect of inositol upon this type of fatty liver. Diet 1 was used 
throughout the experiment; thiamine was the only B vitamin supplement. 

Series E---As Series D had indicated that inositol had no appreciable 
effect upon thiamine fatty livers, its action when administered with several 
other B vitamins was investigated. Diet 1 was employed during all 4 
weeks; the supplements used and the results obtained are given in Table ITI. 


TaBLe III 
Effect of Inositol in Prevention of Fatty Livers with Various B Vitamins 

Series E on basal Diet 1. 

Special supplements 
Thiamine + + + 4. + + + + | + 
Riboflavin + + + + + + + + | + 
Pyridoxine Zo + + + + + + + | + 
Nicotinie acid + + + + | + 
Pantothenic acid + + aa + + 
Inositol, 10 mg. + + + 1 
Choline, 10 “ | + 
Crude fatty acids | 

Liver, % 2.9 | 20.4 | 12.2; 22.9 | 18.5 | 15.7 | 9.4 | 25.9 | 16.5 | 8.4 

Body, % 2.0, 5.4; 5.9} 6.4) 6.7) 5.1)4.9) 6.8) 7.3 | 6.8 


DISCUSSION 


While choline has little effect in preventing biotin fatty livers, as has 
been reported previously (4), both lipocaiec and inositol have definite ef- 
fects in preventing increases in both fatty acids and total cholesterol in the 
liver. It should be noted that the dosage of inositol used in Series A was 
small; in similar experiments amounts of 5 to 10 mg. were found to be as 
effective as 200 mg. of the lipocaic preparation. 

When fatty livers are produced by feeding a fat-free diet containing 
cholesterol, choline, lipocaic, and inositol all have lipotropie action, not 
only with regard to fatty acids but also with regard to cholesterol. Under 
these conditions lipocaic or inositol is more effective when fed with choline 
than when supplied alone; this is particularly true in the case of inositol. 

In Series A and B an increase in fat was obtained by synthesis. In 
Series C a comparison was made with animals receiving a high fat diet, and 
fatty livers were produced by feeding cholesterol. While choline and ino- 
sitol showed lipotropic action, lipocaic appeared to be entirely ineffective. 
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This observation was confirmed in three other experiments. ‘The lipocaic, 
which was kindly supplied by Dr. Lester Dragstedt, was a sample of mate- 
rial that had been effective in depancreatized dogs; its potency for rats was 
proved by the prevention of biotin fatty livers. 

While inositol is without obvious effect on thiamine fatty livers, the ad- 
dition of other B vitamins as supplements enabled inositol to exert ap- 
preciable lipotropie action. ‘The dosages of choline and inositol were the 
same in both Series D and E. It is noteworthy that neither supplement 
maintained liver fat at a normal level in Series E. Apparently the addition 
of other B vitamins diminishes the effect of choline but makes possible a 
response with inositol. 

It has been pointed out previously from these laboratories (7) that there 
are several different types of fatty livers. We have little information as to 
how these livers differ in composition, but they can be distinguished in 
two ways: causative agents, and response to lipotropic factors. In de- 
scribing the action of a lipotropic substance it is essential, in the light of 
present knowledge, to give the method of production of the particular fatty 
liver used. Reports of inactivity of lipocaic in rats were due to failure to 
use a suitable type of fatty liver. Even choline has no appreciable effect 
in preventing biotin fatty livers. 

A previous, preliminary report by two of us (1) stated that either inositol 
or lipocaic could be used for the prevention of biotin fatty livers. The 
impression could have been secured easily from this report that lipocaic 
owed its activity to inositol; at that time this possibility seemed very likely 
to us. The data now reported show that lipocaic is ineffective with one 
type of fatty liver in rats, while inositol is active. This observation pro- 
vides a means of distinguishing between inositol and lipocaic as lipotropic 
agents and it appears that lipocaic may contain a factor other than choline 
(or choline precursors) or inositol. However, all lipocaic preparations 
examined in these laboratories contained appreciable amounts of inositol. 
It may be that the inositol is present in a compound from which it is set 
free only under certain conditions. Available evidence is not sufficient to 
permit a decision as to whether lipocaic owes its activity to inositol or to an 


unknown constituent. 


SUMMARY 


A comparison of the lipotropic effects of choline, lipocaic, and inositol 
has been made with various types of fatty livers caused by diet in rats. 
Choline is effective for thiamine fatty livers, and partially effective with 
cholesterol fatty livers, but shows little activity with biotin fatty livers. 
Against this last type both inositol and lipocaic are active. Lipocaic ap- 
parently differs from inositol in being ineffective against fatty livers caused 
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by feeding cholesterol with a high fat diet. Inositol shows no activity with 
thiamine fatty livers; the addition of other B vitamins permits inositol to 


be lipotropic. 


This investigation has been assisted by a grant from the Division of 
Natural Sciences of the Rockefeller Foundation. 
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A MICROBIOLOGICAL ASSAY METHOD FOR p-AMINOBENZOIC 
ACID 


By ROY C. THOMPSON, EDITH R. ISBELL, anp HERSCHEL K. MITCHELL 


(From the Biochemical Institute and the Clayton Foundation for Research, 
The University of Texas, Austin) 


(Received for publication, February 22, 1943) 


Since the establishment of p-aminobenzoic acid as a member of the B 
vitamin group, a considerable interest has been shown in methods of deter- 
mination in natural materials. Since known chemical methods are not 
sufficiently sensitive, it became evident that microbiological tests should 
be the most practicable. The organism Clostridium acetobutylicum has 
been used (1) but no general assay procedure has been presented. Several 
bacterial strains which respond to p-aminobenzoic acid have been investi- 
gated in this laboratory, but satisfactory assay procedures with these organ- 
isms have not yet been devised. 

For the discovery of the test organism used in the procedure described 
in this paper, we are indebted to Dr. Beadle and Dr. Tatum who kindly 
furnished us with a culture of their p-aminobenzoic acid requiring a mutant 
strain of Neurospora crassa, designated by them as Neurospora crassa p- 
aminobenzoicless No. 1633 (2). This mold will grow optimally on a med- 
ium consisting of inorganic salts, ammonium tartrate, sucrose, biotin, and 
p-aminobenzoic acid. For purposes of assay, however, it has proved ad- 
vantageous to supplement this basal medium with natural extracts which 
are either naturally low in p-aminobenzoic acid or have been treated to re- 
move it. With such a complex medium, the possibility of interference by 
toxic substances or stimulatory substances other than p-aminobenzoic acid 
which might be present in samples to be assayed is reduced to a minimum. 

Since the completion of a considerable part of the experimental work 
described in this paper, microbiological assay methods for p-aminobenzoic 
acid have been published by Landy and Dicken (3) utilizing the organism 
Acetobacter suborydans and by Lewis (4) using Lactobacillus arabinosus 
17-5. 


EXPERIMENTAL 


Organism— Stock cultures of the organism are carried on slants of the 
same composition as the assay medium except for the addition of 0.05 y of 
p-aminobenzoic acid per tube. In preparing the inoculum for an assay, a 
large loopful of spores is thoroughly dispersed in 1 or 2 ml. of sterile liquid 
agar medium identical in composition with the assay medium except for the 
addition of 5 millimicrograms of p-aminobenzoic acid. This agar medium 
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with suspended spores is poured into a sterile Petri plate and incubated 1¢ 
hours at 30° and placed in the refrigerator until used. In this length of 
time the spores will have germinated and the incipient mycelia, distributed 
uniformly throughout the agar, will be just visible to the unaided eye. 
Blocks of agar cut from this plate are used for inoculating the plates con- 
taining the sample to be assayed. These inoculum blocks may best be 
removed with the aid of a sterile 8 mm. cork borer fitted with a plunger for 
extruding the block of agar. Care must be taken to secure circular blocks 
of uniform thickness, as any irregularity in the shape of the inoculum block 
will be reflected in the subsequent growth of the mold. 

Medium—The medium employed has the following composition: basal, 
ammonium tartrate 5.0 gm., KH,PO, 1.0 gm., NH,NQO,; 1.0 gm., MgSO,- 
7H,0 0.5 gm., NaCl 0.1 gm., CaCl, 0.1 gm., FeCl; 5.0 mg., sucrose 15 gm., 
biotin 4 y, agar (washed) 20 gm.; supplements, vitamin-free, acid-hydro- 
lyzed, charcoal-treated casein 1.0 gm., enzymatically digested beef liver 
extract 0.5 gm., enzymatically digested beef muscle extract 0.1 gm., char- 
coal-treated yeast extract 0.1 gm.; water to make | liter. The basal me- 
dium is that employed by Tatum and Beadle (2). The preparation of the 
supplements is described below. 

Acid-H ydrolyzed, Charcoal-Treated Casein—50 gm. of vitamin-free casein 
(Labco) are mixed with 500 ml. of 6 N HCI, and the mixture refluxed for 10 
hours. The HCl is then removed by repeated vacuum distillation, the pH 
adjusted to 3.0, and the volume to 500 ml. 5 gm. of Dareo G-60 decoloriz- 
ing charcoal are added; the mixture is shaken 15 minutes, and then filtered 
to remove charcoal. The pH is adjusted to 7.0 and the solution preserved 
under toluene. 

Enzymatically Hydrolyzed Beef Liver and Muscle—10 gm. of finely 
ground fresh beef liver or muscle are suspended in 50 ml. of acetic acid- 
sodium acetate buffer, pH 4.5, and to this mixture is added 0.1 gm. each 
of the enzyme preparations clarase' and caroid.2, The mixture is allowed 
to autolyze under benzene for 24 hours, after which time the benzene is 
removed by steaming and the solids by filtration. 

Charcoal-Treated Yeast Extract—-10 gm. of veast extract (Difco) are 
dissolved in 100 ml. of water and the pH adjusted to 3.0. 2 gm. of Dareo 
G-60 decolorizing charcoal are added and the mixture shaken 15 minutes. 
The charcoal is then removed by filtration and the pH adjusted to 7.0. 

Agar—Commercial grades of agar often contain appreciable amounts of 
p-aminobenzoic acid and must therefore be thoroughly washed to remove 
these traces. This may be accomplished by dispersing the agar in a large 
volume of distilled water, allowing it to settle, and decanting the water. 


‘ Takamine Laboratories, Inc., Clifton, New Jersey. 
? American Ferment Company, Buffalo, New York 
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Such a procedure repeated fifteen or twenty times over a period of from 
24 to 48 hours is satisfactory. 

The washed agar and supplements are added to the basal medium just 
prior to use. 

Procedure—The standard p-aminobenzoic acid solution and solutions 
for analysis are pipetted into test-tubes and diluted when necessary to 1 ml. 
15 ml. of the hot agar medium are then added to each tube and the tubes 
autoclaved for 15 minutes. Directly after removal from the autoclave, the 
contents of the tubes are transferred to sterile Petri plates. For this pur- 
pose molded soft glass plates have proved most satisfactory, since the bot- 
toms are uniform, giving a layer of agar of uniform thickness. Most Pyrex 
plates are unsatisfactory, since they are deeper at the edges than in the 
center. When the agar has cooled, an inoculum block is placed upon the 
surface in the center of each plate. The plates are incubated right side up 
(to prevent mold from growing downward) at 30° for approximately 20 
hours. Standard plates containing amounts of p-aminobenzoic acid vary- 
ing from 4 to 40 millimicrograms (10~-* gm.) are satisfactory for establishing 
astandard curve. Amounts of the extracts to be assayed must be selected 
by preliminary experiment (or estimate) to contain an amount of p-amino- 
benzoic acid within the range of the standard curve. 

Measurement of Response to p-Aminobenzoic Acid—The diameter of the 
mold growth surrounding the inoculum block is measured with calipers and 
is dependent on the amount of p-aminobenzoic acid in the culture plate. 
This growth is quite uniformly circular if care is taken to cut perfect inoc- 
ulum blocks from a culture containing a heavy, uniform distribution of 
spores. This method of measuring the growth response has been found 
to be superior to measuring, by means of a planimeter, the area of the 
colony, and is in general more convenient than measuring the rate of growth 
along a horizontal tube as was done by Beadle and Tatum (5). A typical 
growth response curve is shown in Fig. 1. 

Preparation of Materials for Assay—Materials to be assayed must be 
extracted in such a manner as to make available to the mold all of the p- 
aminobenzoic acid present in the material. As we have indicated in a 
previous note (6), simple hot water extraction does not release all of the 
p-aminobenzoic acid from liver. The amount of p-aminobenzoic acid ob- 
tained from a sample of beef liver and from beef kidney by various extrac- 
tion procedures is shown in Table I. The partial destruction of pure p- 
aminobenzoic acid by the hydrolysis procedures is also demonstrated. In 
experiments not described it is indicated that this destruction also occurs 
in the presence of tissue samples to about the same extent as in the pure 
solution. Since hydrolysis with 6 N H.SO, produces a maximum yield of 
p-aminobenzoic acid in spite of this destruction, averaging about 15 per cent, 
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the following procedure for the preparation of samples was adopted. The 
sample* to be hydrolyzed is finely ground and 5 ml. of 6 N sulfuric acid added 
per gm. of material. This mixture is autoclaved for 1 hour at 15 pounds 
pressure and the sulfuric acid then nearly neutralized with barium car- 
bonate. The precipitated barium sulfate and the undigested material are 
removed by filtration and the pH adjusted to neutrality with ammonium 
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MIL LIMICROGRAMS OF P-AMINOBENZOIC ACID 


Fig. 1. A typical mold growth curve 


TABLE | 
Effect of Acid and Alkali on p-Aminobenzoic Acid 
All samples were autoclaved under 15 pounds pressure for 1 hour. 


6N H2SO,; 5N NaOH | 1N NaOH 0.1 Nn NaOH 


Beef kidney, y per gm. 2.4 0.75 0.60 0.50 
oe - ss 2.1 0.80 
p-Aminobenzoic acid (0.4 y per ml.), % re 
83 SS 85 


covered 


hydroxide. Neutralization of the sulfuric acid with sodium hydroxide or 
ammonium hydroxide is not permissible, as excessive amounts of salt are 
toxic. 

Specificity of Assay Method—That the mold responds specifically to the 
p-aminobenzoic acid content of the samples being assayed is indicated by 
the general parallelism of response to natural materials and to pure p- 
aminobenzoic acid. Beadle and Tatum have tested a large number of 


* Usually 1 to 5 gm 
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compounds structurally related to p-aminobenzoic acid, and in no cases 
have these compounds shown more than a fraction of a per cent of the 
activity of p-aminobenzoic acid (5). We have tested the acetyl derivative 
and the amide of p-aminobenzoic acid, and also p-nitrobenzoic acid. Of 
these compounds, only the amide possessed appreciable activity, being 
three-hundredths as active as p-aminobenzoic acid. This activity is prob- 
ably best interpreted as being due to hydrolysis effected by the mold. 
p-Aminobenzoic acid added to natural materials after acid hydrolysis is 
accounted for in the assay with an average error of +10 per cent. 
Application of Assay Method to Natural Materials—A variety of natural 
materials has been assayed and the results are shown in Table II. The 
samples were extracted by acid hydrolysis in the manner described above, 
and also by steaming for 15 minutes, in an effort to differentiate between the 


TaBLe Il 
p-Aminobenzoic Acid Content of Natural Materials 


The results are given in micrograms per gm. of moist tissue. 


Acid Hot H:O | Per cent Acid Hot HO | Per cent 


Sample hydrolysis extraction | “‘bound’’ Sample hydrolysis | extraction | “‘bound’ 
Carrots..... 0.22 0.08 64 ee ; 0.8 0.3 63 
Potatoes 0.36 0.34 6 Beef liver.... 2.5 0.2 92 
Spinach 0.6 0.12 80 ‘** muscle... 0.64 0.3 53 
Yeast cake 1.0 3.6 10 Rat brain.....' 0.7 0.14 80 
Milk 0.1 0.08 20 ‘* kidney 1.8 0.13 93 
Sweet potato.. 0.12 0.11 S ‘* heart... 1.35 0.15 89 
Egg (whole) 0.4 0.07 83 “ blood.... 0.27 0.06 78 
Molasses 0.32 0.2 38 ‘* muscle tis 0.15 9! 
Wheat germ 1.8 0.5 72 Urine.. 0.56 <0.02 | 
Whole wheat 0.6 0.25 58 


“bound” and “unbound” p-aminobenzoie acid. As will be observed, the 
various tissues differ widely in the fraction of p-aminobenzoic acid which 
is water-extractable. 
DISCUSSION 

The assay method here presented is applicable to a wide variety of 
materials with a reproducibility of results of +15 per cent. The method of 
measurement of response to p-aminobenzoic acid is probably not capable 
of the precision obtainable in the turbidimetric or titrimetric determination 
of bacterial growth, since the diameter and regularity of the mold growth 
are affected by such factors as irregularity in the shape of the inoculum 
block and irregularity in the surface of the Petri plate. The method has, 
however, some unique features which more than compensate for the sources 
of deviation in assay values mentioned above. It is more rapid than any 
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test for p-aminobenzoic acid yet published, since it requires only a 20 hour 
growth period. As the growth period is short and the medium relatively 
acidic, difficulties due to contamination are not encountered. The time 
required for setting up an assay is somewhat longer than for a bacterial 
test but the determination of the amount of growth is much more rapid, 

The use of this completely different type of organism is a distinct ad- 
vantage for the purpose of comparison of assay methods. 

An unusually high degree of specificity has been obtained in this method 
by supplementation of the medium with enzyme hydrolysates of liver and 
muscle tissues. Such extracts contain considerable quantities of known 
and undoubtedly of unknown growth-promoting substances but can be 
used directly in this test because the p-aminobenzoic acid present is bound 
in such a form that it is not utilized by the organism or released by enzy- 
matic hydrolysis. 

The question of extraction of p-aminobenzoic acid from natural mate- 
rials involves certain difficulties which have yet to be eliminated. We have 
found conditions which give a maximum yield with respect to acidic hydrol- 
ysis and to clarase and caroid hydrolysis. There is, however, some destruc- 
tion of the released p-aminobenzpic acid during this process amounting 
to about 15 per cent of the total present. Compared to the increase in 
yield of hydrolysis with 6 N acid over other treatments, this loss in activity 
by destruction is not particularly significant. 

The last column in Table II lists the approximate per cent of the p- 
aminobenzoic acid content of various substances which is bound. It is 
perhaps significant that this percentage is high for most animal tissues, the 
lowest being beef muscle, 53 per cent, and the average on eight tissues 
being 79.9 per cent. On the other hand ten miscellaneous substances 
mostly of plant origin averaged 44 per cent bound. 

At the present it is not possible to compare the results obtained by this 
method with those of Landy and Dicken (3) and Lewis (4), since samples 
for assay have not been prepared in the same way. Such a comparison of 
all three methods on the same samples is now in progress in this laboratory. 


SUMMARY 


1. A microbiological test of high specificity for the determination of 
p-aminobenzoic acid in biological materials is described. The organism 
used is a mutant strain of the mold Neurospora crassa produced by Tatum 
and Beadle (2). The method is rapid and the results reproducible. 

2. A procedure for the hydrolysis of “bound” p-aminobenzoic acid is 
described and its limitations discussed. 

3. The p-aminobenzoic acid content of a number of natural materials 
has been determined and values on the amounts bound and unbound are 


included. 
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STUDIES ON PITUITARY LACTOGENIC HORMONE 
IX. THE CONTENT OF SULFUR AMINO ACID* 


By CHOH HAO LI 
(From the Institute of Experimental Biology, University of California, Berkeley) 


(Received for publication, January 21, 1943) 


This paper gives the cystine and methionine content of the pituitary 
lactogenic hormone as determined by Baernstein’s method (1). The 
methionine content was also estimated by the method of McCarthy and 
Sullivan (2). From these data the sulfur distribution in the hormone is 


computed. 


EXPERIMENTAL 

The Kassell and Brand modifications of Baernstein’s apparatus (3) were 
adopted with the exception that no mercury seal was used between the 
digestion flask and condenser. 

The colorimetric method of MeCarthy and Sullivan (2) was also applied 
for the determination of methionine. The Klett-Summerson photoelectric 
colorimeter with a No. 54 filter was used. 

Hormone preparations from both beef and sheep pituitaries were made by 
the method recently described (4). A preparation from beef pituitary 
No. L388B) was also kindly furnished by Dr. W. R. Lyons. Each prep- 
aration behaved as a homogeneous protein in the Tiselius electrophoresis 
apparatus and had a potency of 25 to 30 1.v. per mg. 


Results 


Table I summarizes the data obtained by the Baernstein method. The 
correction factors of Kassell and Brand were used in calculating the cystine 
and methionine content. Since no cysteine is present in the lactogenic 
hormone (5, 6), the diiodate titration in the HI digest gives the cystine 
content. White, Bonsnes, and Long (7) found that the hormone contains 
3.36 per cent cystine, while Fraenkel-Conrat (6) obtained a lower value, 
3.0 per cent. The cystine content given in Table I is 3.11 per cent. Since 
lactogenic hormones were prepared by different methods and since the 
methods of analysis were not the same, the cystine values obtained by 
White ef al., Fraenkel-Conrat, and the present author should be considered 
satisfactory. 


* Aided by grants from the Research Board of the University of California and 
from the Rockefeller Foundation. 
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In all experiments, the sulfate sulfur content was found to be negligible, 
The methionine content as found by the volatile iodide and homocysteine 
methods is almost identical and is in fair agreement with that obtained 
by the colorimetric method (see Table I). 

If we take 4.31 and 3.11 per cent as the methionine and cystine content 
respectively, the total sulfur in the hormone is computed to be 1.76 per 
cent. It may be recalled that the sulfur content is 1.79 per cent as deter- 
mined by the Carius method (8). Thus, the total sulfur in the lactogenie 
hormone is accounted for within the limits of error. 


TABLE I 


Vethionine and Cystine Content of Laclogenic Hormone 


Methionine 


Preparation No.* Amount used Cystine 
Volatile iodide | Homocysteine Colorimetric 
method method method 
m per cent per cent per cent per cent 
L1214HS 145.3 t.21 3.90 3.21 
L1214HS 151.4 $.03 3.63 2.82 
L1219HS 149.8 4.05 4.32 3.00 
L1222HB 152.9 3.77 3.70 3.10 
L381B 124.2 3.85 3.90 3.08 
L1214HS 126.0 4.00 
L1219HS 184.0 4.18 
L388B 90.0 4.20 
Average 3.98 3.89 4.13 3.04 
" corrected 4.25 4.36 3.11 


*S denotes a preparation isolated from sheep pituitaries, whereas B was from 


beef glands. 


Grateful acknowledgement is made to Carolyn F’. White for her assistance 
in these determinations. The author also wishes to express his gratitude to 
Dr. Herbert M. Evans for the encouragement received during the in- 
vestigation. 

SUMMARY 

The methionine and cystine content of the pituitary lactogenic hormone 
has been determined by the Baernstein method and found to be 4.31 and 
3.11 per cent respectively. The methionine content has also been checked 
by the colorimetric method of MeCarthy and Sullivan. Within the 
limits of error, methionine and cystine contents account for the total sul- 


fur in the hormone. 
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A QUANTITATIVE METHOD FOR THE DETERMINATION OF 
SODIUM PENTOTHAL IN BLOOD 


By L. M. HELLMAN, L. B. SHETTLES, anp HERBERT STRAN 


(From the Department of Obstetrics, the Johns Hopkins University and Hospital, 
Baltimore) 


(Received for publication, January 25, 1943) 


The known methods for the analysis of barbiturates in blood, in which 
the Koppanyi (3) colorimetric reaction is employed, have not proved gen- 
erally satisfactory for the quantitative determination of the thiobarbitu- 
rates. Delmonico (2), after slightly modifying the Koppanyi technique, 
reported excellent recoveries of known amounts of pentothal. He, further- 
more, stated that this substance appeared to have a cyclic appearance in 
the blood following a single injection. Anderson and Essex (1) were unable 
to obtain accurate recoveries with Delmonico’s method; however, employ- 
ing slight modifications of the Levvy (4) extraction technique, they felt 
that they more or less confirmed the assertion of Delmonico regarding the 
eyclic variation of concentration of barbiturate in the blood. In their 
experience Levvy’s method had a 20 per cent error, even after the 8 hours 
of extraction. In our own hands it has proved to be even less accurate for 
those blood pentothal levels commonly found in anesthetized humans. 
When the extraction difficulties are discounted, the Koppanyi technique 
is still faced with two great sources of error. In the first place, the pink 
color obtained by the reaction of malonylurea, isopropylamine, and cobalt 
is difficult to read and transient in nature. Even the use of a photoelectric 
colorimeter does not entirely obviate this difficulty. In addition, in all of 
the methods mentioned above charcoal is employed to clear the extracts. 
The definite and significant adsorption of barbiturate by even small amounts 
of charcoal seems to have been ignored as a source of error. Then, too, the 
Koppanyi reaction is a general one applicable to the entire barbiturate 
series and not specific for any one compound. 

In the process of conducting a series of studies on the transmission 
through the human placenta of one barbiturate, sodium ethyl (1-methyl- 
butyl )thiobarbiturate (sodium pentothal), it therefore became necessary to 
discover a method which obviated the errors in the known methods of 
analysis. With the ultraviolet absorption technique it was found that 
pentothal acid in ether demonstrated a maximum absorption at 2880 A. 
With a quartz monochromator set for 2880 to 2900 A., with inlet and exit 
slits at 0.5 mm., it was possible to obtain numerical values for varying con- 
centrations of pentothal, these being read by means of an ultraviolet- 
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sensitive cell and galvanometer. The values thus obtained fall into the 
logarithmic curve shown in Fig. 1. No other barbiturate’ tested gave any 
significant absorption in the concentrations employed. 

Extractions were carried out on whole blood as follows: 25 to 30 ce. of 
venous blood were decalcified with 0.4 gm. of sodium citrate. Of this, 20 
ec. were put in a 250 ec. separatory funnel and 2 cc. of a solution of crystal- 
line sodium dihydrogen phosphate (1 gm. per ec.) were added. This mix. 


Y= 75,02 — 54,80 log ( X +35) 
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Fic. 1. Per cent transmission of ultraviolet light by varying concentrations of 
pentothal acid in ether (logarithmic curve). The center line is the line fitted to the 
data on a log scale and is represented by the formula Y = 75.02 — 54.80 log (X + 
0.35 Lines parallel to and on either side of this line are plotted at a distance of 
2e (a) Y = 1.43) from this line and encompass 95 per cent of the variations about 


the fitted line 


ture was thoroughly shaken and allowed to stand for at least 15 minutes. 
Four extractions were then carried out with technical ethy] ether as follows: 
100, 50, 25, and 25 ec. The mixture was allowed to settle each time and 
then decanted into another 250 ce. separatory funnel. The color of the 
extract is yellow-brown and must be cleared by washing three times with 
5 ce. of 0.5 M sodium bicarbonate, care being taken to allow for complete 


' Barbital, sodium amytal, dial, sodium phenobarbital, nembutal, and evipal 
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separation. The ether extract is now a very pale yellow color. It is 
filtered through ordinary filter paper into 500 ec. beakers and evaporated 
slowly over a water bath to approximately 35 cc. It is then transferred to 
50 cc. volumetric flasks and made up to volume with ether. The results 
are read against a blank extract of normal blood. The blank is first read 
against ether and then adjusted to 100 per cent transmission by means of 
a vernier resistance in series with the galvanometer. The final reading 
must be multiplied by 2.5 to correct for the dilution. The entire extraction 
is quite rapid and simple, but great care must be exercised to have abso- 
lutely clean glassware. In addition, the evaporation of the ether extract 
must be carried out slowly and not allowed to proceed too far toward dry- 
ness. Furthermore, as ordinary stop-cock grease will absorb ultraviolet 


TABLE I 
Per Cent Transmission of Uliraviolet Light by Blood Extracts Read against Ether 


Same bank blood 


Different fresh bloods 





82 83 


83 | 82.5 

83 82 

82 84.5 

&3 85 

83 83 

85 ' 82 

82 83.5 

84 86 

&3 83 
Mean 83.0 83.4 ' 
Standard deviation +0.99 +1.03 


light in the range used, it is necessary to employ a mixture of glycerol and 
bentonite, insoluble in both ether and water. 

Table I shows the per cent transmission of extracts of fresh and bank 
blood read against ether. The first column shows ten determinations on 
the same bank blood, while the second column shows an equal number of 
determinations on extracts of fresh blood for different normal individuals. 
It is worth noting that there is extremely little variation in the readings of 
the blanks. 

Table IT shows recoveries of varying known concentrations of pentothal 
in bank blood. In only one set of determinations is there any larger error. 
In this one an extremely small amount of pentothal was added. 

Fig. 2 shows the sodium pentothal concentration in a patient anesthe- 
tized for a short period of time for a minor operative procedure. Owing to 
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Fig. 2. Blood pentothal concentration curve (mg. per 100 cc. of blood) in the course 
of anesthesia for dilatation and curettage of the uterus. As shown, a total of 0.66 


gm. of sodium pentothal was administered intravenously 


TABLE II 
Per Cent Recovery of Known Amounts of Sodium Pentothal Added to Bank Blood 


Transmission (blank at 100 per cent 
Recovered Added Recovered 


Determinations Mean 


per cent per cent meg. per cent me. per cent per cent 


39.6 
10.9 39.8 10.5 10.15 103 
39.0 

53.0 

52.5 53 §.3 4.8 110 
54.0 | 

54.0 | 

54.0 53. 
53.0 
76.0 
76.0 
76.0 
70 
66 


7 5.1 4.85 105 


+ 


76.0 1.50 1.82 82.4 


10 1.94 108.0 
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69.0 


1.87 1.94 96.3 
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the intermittent method of administering pentothal for anesthesia, the 
contention of Delmonico that the substance appears in the blood in cyclic 
variations of concentration has not been tested. 

In conclusion, a simple method of determining the blood concentration 
of sodium pentothal has been described. This method makes use of the 
fact that this particular barbiturate exhibits a maximum absorption of 
ultraviolet light at 2880 A. The method gives approximately 90 per cent 
recovery when tested against known amounts of pentothal added to bank 
blood. 
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OBSERVATIONS ON TRYPTOPHANE DEFICIENCY IN RATS 
CHEMICAL AND MORPHOLOGICAL CHANGES IN THE BLOOD* 
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AnD JANE E, FRANKSTON 


(From the Harriet Lane Home of the Johns Hopkins Hospital, and the Department of 
Pediatrics, the Johns Hopkins University, Baltimore) 


(Received for publication, January 15, 1943) 


The failure of a tryptophane-deficient diet to support growth in animals 
is a well established fact, but relatively few reports (1-5) have dealt with 
the pathological changes in this condition. In a recent study (6, 7)' some 
of us have confirmed and extended the information on this subject. The 
present report describes our observations on the morphology and chemistry 
of the blood in tryptophane-deficient rats, particular attention being paid 
to the nitrogenous constituents of the blood. 

Observations in the literature have not settled the question of the réle of 
tryptophane in the construction of plasma proteins and of hemoglobin. 
In dogs rendered hypoproteinemic by plasmapheresis, Madden et al. (8) 
obtained some evidence of the value of tryptophane; the addition of this 
amino acid to a basal diet supplemented by gelatin and cystine caused an 
increase in plasma protein regeneration. Experiments by Whipple and 
his collaborators (9) and by Weech and his associates (10) have shown that 
proteins such as zein and gelatin which are lacking in tryptophane fail to 
bring about an increase in plasma protein in hypoproteinemic animals. 
We have not found data on the state of the serum proteins in experimental 
animals with tryptophane deficiency. Observations on the non-protein 
nitrogen and serum proteins made in this laboratory on four human sub- 
jects who ingested a tryptophane-deficient diet for periods of 2 to 5 weeks 
failed to show significant changes within that time. 

A number of reports deal with the relation between tryptophane and 
the formation of red cells and hemoglobin. In various experimental 
anemias in dogs and rabbits, notably the anemia produced by phenyl- 
hydrazine, Hirasawa (11) reported that tryptophane would accelerate 
recovery and cause a prompt reduction in the reticulocytosis seen in anemia 
caused by phenylhydrazine. These observations have been confirmed by 
Okagawa and Tatsui (12), by Hamada (13), and by Chin (14). Conflicting 


* Aided by grants from the Rockefeller Foundation, Merck and Company, Inc., 


and E. R. Squibb and Sons. 
1 Albanese, A. A., Follis, R. H., Jr., Buschke, W. H., and Holt, L. E., Jr., un- 


published data. 
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data are reportec in regard to the efficacy of tryptophane in the nutritional 
anemia produced in rats by milk feeding. Drabkin and Miller (15) ob. 
tained positive responses, which Keil and Nelson (16) and Alcock (17) 
were not able to confirm. Posthemorrhagic anemia has been studied in 
rabbits and dogs (18-20). Whipple and Robscheit-Robbins who carried 
out the most careful studies along this line obtained positive responses with 
a large number of amino acids, including tryptophane, but the results with 
this amino acid were not as striking as with several others tried. 

A few observations have been made on the blood in experimental trypto- 
phane deficiency. Fontes and Thivolle (21) produced decreases in hemo- 
globin and red cells in a small number of rats. Alcock (17) placed nine rats 
on a tryptophane-deficient diet, but observed anemia in only two of them; 
since he was able to cure milk anemia in other animals by a tryptophane- 
deficient diet, he concluded that tryptophane deficiency did not lead to 
anemia. Hamada (13) and Chin (14), however, observed anemia in rats 
on a tryptophane-deficient diet, a return to normal blood values being 
brought about by tryptophane or methyl tryptophane (14) but not by 
indolepyruvic acid. In our human subjects on a tryptophane-deficient 
diet referred to above, observations on the blood? failed to show any signifi- 
cant alterations during the experimental period. 

It would appear then from a review of the literature that the need of 
tryptophane in plasma protein formation has some sound basis, but the 
importance of this amino acid in hemoglobin formation is by no means 
clear. There is impressive evidence (22) that the body can synthesize 
the pyrrole nucleus and does not require pyrrole compounds in the diet. 
But although the hematin portion of the molecule may be constructed from 
simple building stones, the production of hemoglobin as a whole is limited 
by the protein intake (23). Whether under certain conditions the limiting 


factor is tryptophane remains to be conclusively demonstrated. 


EXPERIMENTAL 


Animals—Our observations were made on forty rats from a hybrid 
colony of albino and hooded Norwegian rats that has been in use in this 
laboratory for some years. Fourteen of these animals were controls fed 
upon the stock diet ad libitum. Sixteen animals were on a tryptophane- 
free diet ; in some instances this was later supplemented with tryptophane. 
The remaining ten animals were controls which received a tryptophane- 
deficient diet plus tryptophane, their food intake being limited to the 
quantities consumed by analogous rats on the deficient diet. 

Diets—The stock diet consisted of vellow ground corn 57.0 gm., whole 


2 We are indebted to Dr. M. M. Wintrobe, Dr. J. R. Birmingham, and Dr. J. J. 


Ragan for these observations. 
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milk powder 25.0, linseed oil meal 12.0, crude casein 3.7, alfalfa meal 1.5, 
sodium chloride 0.4, and calcium carbonate 0.4. Large rats (250 gm. and 
over) consumed 10 to 15 gm. of this mixture per day. 

The composition of the deficient diet was as follows: protein (acid- 
hydrolyzed casein concentrate*) 147 gm., l-cystine 1.5, sucrose 150, starch 
420, Crisco 190, salt mixture 20, brewers’ yeast (Mead Johnson) 42.7, 
cod liver oil substitute (Mead Johnson) 50, agar 20, and water to make up 
the proper consistency. The control diet was prepared by supplementing 
the above mixture with 2.25 gm. of l-tryptophane. 

Animals on the deficient and the control diet were kept in individual 
eages which, however, were not designed in such a way as to prevent 
coprophagy. 

Collection of Blood Samples—These were obtained in all instances by 
heart puncture, from 1.0 to 2.5 ml. being obtained at one time. This was 
ejected into a 5 ml. centrifuge tube containing lithium oxalate and shaken 
vigorously. After removal of samples for hemoglobin determination and 
cell counts the remainder was centrifuged, determinations of non-protein 
nitrogen and plasma proteins being carried out on oxalated plasma. 

Hemoglobin was determined colorimetrically with a Klett-Summerson 
photoelectric colorimeter. 

Non-Protein Nitrogen and Plasma Proteins—The small quantities of blood 
available have necessitated some modification of standard procedures for 
these determinations. We have found it practicable to determine non- 
protein nitrogen, total nitrogen, and albumin on quantities of 0.2 ml. of 
plasma each. 

Total plasma proteins and albumin were determined by slight modifica- 
tions of the usual procedures (24) with 0.2 ml. of plasma; globulin was 
estimated by difference. 

* The acid-hydrolyzed casein concentrate was prepared as follows: 1 kilo of crude 
casein (Sheffield) was hydrolyzed under a reflux for 20 to 23 hours with 4 liters of 20 
percent H.SO,. After cooling, the hydrolysate was neutralized by the slow addition 
of asolution containing 625 gm. of calcium oxide (technical) in 4 liters of water. The 
mixture was stirred well, resulting in the evolution of ammonia. After standing 
overnight it was filtered and the calcium sulfate cake washed several times with warm 
The combined filtrate and washings were concentrated in vacuo at 50-60° 


water. 
The ammonia-free concentrate was now made neutral to 


to approximately 2 liters. 
litmus with 50 per cent H,SO,, cooled under the tap, and the resulting calcium sulfate 
filtered off. The protein content of the resulting filtrate (N X 6.25) was estimated 
from a micro-Kjeldahl analysis of a suitable aliquot. For use in the diet, a volume 
equivalent to 147 gm. of protein was further concentrated in vacuo to approximately 
200 ml. 

‘The salt mixture employed had the following composition (measured in gm.): 
NaCl 18.9, CaHPO,, anhydrous, 25.0, MgSO,, anhydrous, 6.86, KHCO, 44.4, KCl 
2.88, Fe!!! citrate, u.s.p., 2.21, CuSO,, anhydrous, 0.24, MnSO,, anhydrous, 0.15, 


KI 0.015, NaF 0.03. 
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The procedure for determining non-protein nitrogen was as follows: 
0.2 ml. of plasma is treated with 5 ml. of 5 per cent trichloroacetic acid in 
a 10 ml. Erlenmeyer flask and allowed to stand 10 to 15 minutes. The 
precipitated protein is filtered off, a 2.5 em. funnel and No. 44 Whatman 
filter paper being used. A 4 ml. aliquot of the filtrate is removed to a 
100 ml. Kjeldahl flask for micro-Kjeldahl determination. Digestion is 
effected by the use of 2 ml. of concentrated H.SO,, and the CuSO,-K,S0, 
mixture; for final clarification 6 drops of superoxol are added. Before 
distillation, 5 ml. of 0.01 N ammonium sulfate are added, in order to increase 
the quantity of N to the range of maximum sensitivity of the Kjeldahl 
determination. An identical quantity of ammonium sulfate is used in a 
blank control determination. Distillation and subsequent boric acid titra- 
tion of the distilled ammonia are carried out according to the procedure 
of Meeker and Wagner (25). The non-protein N of the sample is deter- 
mined by the difference between the nitrogen in the plasma sample and 
in the (NH,)oSO, blank. 


Results 


Influence of Age on Blood Values of Normal Rats—Data on normal adult 
and young rats on the stock diet are presented in Table I. It will be 
noted that the voung rats weighing from 55 to 75 gm. have lower hemo- 
globin and red cell counts than the adult animals, as has been observed 
with other strains of rats (26). The adult animals exhibit hemoglobin 
concentrations between 12.8 and 13.8 gm. per cent (average 13.3) in con- 
trast to a range of 11.2 to 12.7 gm. per cent (average 11.9) for the young 
animals. The red cell count in the adult animals is between 8 and 10 
millions, whereas in the young animals it is between 5 and 6 millions. 

The non-protein nitrogen values tend to be higher in the adult animals, 
as do the values for the plasma proteins. The total protein averages 
6.4 gm. per cent in the adult animals in contrast to 5.2 gm. per cent in 
the young ones. The lower value in young animals is most conspicuous 
in the globulin fraction, with the result that the albumin-globulin ratio 
tends to be higher in these animals. We have not found data in the litera- 
ture regarding the plasma proteins of rats at different ages, but it is well 
known that in other species, notably in man, the plasma proteins tend to 
be low in early life. 

In Table II are presented data from rats that received a tryptophane- 
deficient diet supplemented with tryptophane. These animals were of 
an age intermediate between that of the young and old animals shown in 
Table I at the time the blood was examined. The blood findings are 
similar to those in the adult animals on the stock diet. 
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TaBLe I 
Blood Studies on Normal Male Rats on Stock Diei 
The values represent the averages and average deviation. 























4 young 10 adult 

(55-75 gm. in weight) | (250-428 gm. in weight) 
Total seniet eeetain., aks dn tees sheen 5.16+ 0.19 6.40+ 0.27 
NEE, bac cccwoseeetesapehomearer 3.89+ 0.13 4.274 0.25 
Pe rr | 1.274 0.10| 2.144 0.28 
Albumin-globulin ratio... ... awk | 31+ 0.2 2.1 + 0.32 

Non-protein N, mg.%...... inte .. cee BG & 49 61.5 + 8.4 
Hemoglobin, gm.% ™ | HO Os 13.3 + 0.34 
Red blood cells, millions per c.mm. 561+ 04 | 9.114 0.46 

White blood cells per c.mm........ (7125 + 875 | 7416 + 722 
TaBLe II 
Blood Studies on Rats Maintained on Tryptophane Control Diets 

“Try ememnee deficient diet supplemented with /-tryptophane | Amigen 

a) a at rerr Tr ie iet* 





Food intake restricted 


Food ad libitum =| 


Rat Rat | Rat Rat Rat | Rat | Rat 
CTH-3 | CTH-1 | CTH-16 | CTH-17 |CTH-13) CTH-8 CTH-7 RatA @ 
3 3 3 ¢ | ¢ 3 3 





Days on diet...... . . 236 236 102 74 2% | 217 +! 217 217 
Initial body weight, 
pipe peca 133 130 63 60 108 90 80 ~=—- 80 


Weight change, gm. .|+6.5 |+11.0 |+66.0 |+37.0 —6.0|+113 |+140 |+122 


Average daily food 
0 5.0 5.0 7.0 7.0 | 8.0 


intake, gm...... 5.0 5.0 5. 
Total plasma pro- 
tein, gm.%........ 6.67, 6.76 7.08 6.06 6.34 6.08 6.30 6.44 


he 


Albumin, gm.%. 
Globulin, gm.% 
Albumin- globulin 


4.10; 4.43 .98; 4.41 4.67 3.84 4.34 4.18 
2.57, 2.33) 2.10; 1.65) 1.67 2.24 1.96 2.26 


ratio...... 1.6 1.9 2.4 2.7; 2.8 1.7 2.2 1.9 
Non-protein N, 

mg.Q%... 32 39 35 45 64 49 37 38 
Hemoglobin, gm.%.. 12.4 13.2 13.1 | 13.6 13.2 14.6 13.4 
Red blood cells, mil- 

lions per c.mm. 9.15 
White blood cells 

per ¢c.mm. 7500 


* The protein equivalent in the diet of this animal was supplied as amigen, a 
pancreatic digest of casein in which approximately 85 per cent of the nitrogen is 
derived from casein and 15 per cent from the proteins of the pancreas. This material 
was kindly supplied to us by Mead Johnson and Company. 
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Effect of Inanition on Blood Constituents of Rat—Of the eight rats on 
the tryptophane-supplemented diet shown in Table II three were allowed 
to eat the diet ad libitum and in the other five the intake was restricted 
to 5 gm. a day, the average quantity consumed by rats on the tryptophane- 
deficient diet. The rats on unrestricted intake gained weight in a normal 
manner, but those on the restricted intake gained very little weight and 
one of them lost weight. Nevertheless the rats whose intake had been 
restricted exhibited values for hemoglobin and plasma proteins similar 
to those whose diet was unrestricted. 

Influence of Tryptophane Deficiency—In Table III are presented our data 
on sixteen rats fed on a diet deficient in tryptophane. All of these animals 
ate poorly, but although they consumed quantities of food comparable 
to those of the rats on a restricted intake of the tryptophane control diet, 
the rats on the deficient diet did not maintain their weight; all of them 
showed greater or lesser degrees of weight loss. They also exhibited the 
symptoms of tryptophane deficiency which we have reported elsewhere. 
An examination of Table III] reveals a striking reduction of the total 
plasma protein. Both the albumin and globulin fractions are affected 
with no conspicuous change in the albumin-globulin ratio. The hemo- 
globin is reduced below 12.5 gm. per cent in ten of the sixteen animals. 
An examination of the individual protocols indicates that the duration of 
the deficiency and the size of the animal are important variables here. 
Of the large rats weighing 250 gm., five out of six that had been on the diet 
for 86 days or more showed reductions in hemoglobin and the sixth rat 
was beginning to fall, as shown by serial observations in Table V. The 
one large animal which had been on the diet for only 64 days showed no 
reduction in hemoglobin. Of the nine small rats (60 to 117 gm. at the 
onset of the experiment) six which had been on the diet for 50 days or more 
showed reductions in hemoglobin and the remaining three which had 
ingested the diet for a shorter period showed no reduction. The observa- 
tions which were made on the red cell count fail to indicate any significant 
reduction in tryptophane deficiency; in five out of six rats whose red cells 
were counted, these remained at a normal figure above 7.5 millions in 
spite of a reduction in hemoglobin; the sixth animal showed a subnormal 
red cell count which failed to rise with the hemoglobin rise occurring after 
the restoration of tryptophane (Table V). It would thus appear that the 
anemia of tryptophane deficiency is hypochromic in character 

Our observations on a small number of rats that were followed with 
serial observations during the development of deficiency and after restora- 
tion of tryptophane to the diet are shown in Tables [V and V. They illus- 
trate the progressive reduction of both plasma proteins and hemoglobin 
as the deficiency progresses and the return to normal with its restoration. 
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Rats TH-17 and TH-32 show that the fall in plasma protein occurs more 
promptly than that in hemoglobin. 


C'omment 


The observations recorded above substantiate the limited data in the 
literature in regard to the importance of tryptophane for serum protein 
formation. Our data likewise give support to the view that tryptophane 
is needed for the synthesis of hemoglobin. The development of anemia 
in our tryptophane-deficient rats confirms the findings of Fontés and 
Thivolle (21) and of the Japanese workers (13, 14) and is in sharp contrast 
to those of Aleock (17). A closer examination of Alcock’s data in the 
light of our present findings may provide an explanation for this dis- 
crepancy. Alcock’s experiments on a trvptophane-deficient diet were car- 
ried out on a diet constructed from equal parts of zein and acid-hydrolyzed 
casein; he himself mentions the possibility that the zein was not entirely 
free from tryptophane. The weight of his animals is not given, but pre- 
sumably these were adult rats. If so, the duration of his deficiency diets, 
10 to 110 days, is scarcely long enough to lead to anemia, as judged by our 
experience with adult rats. Furthermore, two of the nine rats used in 
this experiment actually did develop anemia. Alcock’s curative experi- 
ments, in which he cured milk anemia by a tryptophane-deficient diet, 
were carried out on young growing rats and in this instance he used acid- 
hydrolyzed casein as a source of nitrogen, material which was undoubtedly 
free from tryptophane. However, these experiments were of very brief 
duration. The anemia-producing diet was continued for 3 to 4 weeks only 
and the tryptophane-deficient diet for only a fortnight beyond this, the 
longest possible duration of any experiment in this series being 42 days. 
It may be recalled that 50 days or more were required in our young rats 
for the tryptophane-deficient diet to produce anemia. It seems likely that 
reserves of tryptophane sufficient for hemoglobin synthesis were still pres- 
ent at the time his anemia-producing diet was discontinued. The results 
of Aleock do not therefore conflict with ours. His negative findings are 


explained by the conditions emploved in his experiments. 


SUMMARY 


1. It is shown that the plasma proteins as well as hemoglobin are higher 
in adult rats than in young animals. 

2. A low caloric intake, sufficient to inhibit growth, causes no reduction 
in the concentration of plasma proteins or of hemoglobin. 

3. A diet deficient in tryptophane brings about a reduction in plasma 
proteins and in hemoglobin. The reduction in plasma protein precedes 
that of the hemoglobin. ‘The addition of a tryptophane supplement re- 
stores the plasma proteins and hemoglobin to the normal level. 
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THE EFFECTS OF HIGH PRESSURE ON THE INVERSION OF 
SUCROSE AND THE MUTAROTATION OF GLUCOSE 
By FRANK V. SANDER, Jr. 


(From the Physiological Laboratory, Princeton University, Princeton) 
(Received for publication, February 17, 1943) 


Because of increasing interest in the effects of pressure on biological 
and chemical reactions in vitro as well as in vivo, it was believed that a 
study of a typical enzymatic reaction under conditions of high pressure 
would reveal something more of the fundamental nature of vital processes. 
The purpose of the investigation was to find the relation between tempera- 
ture and pressure and the activity of the enzyme invertase, in accordance 
with the experiments of Johnson, Brown, and Marsland (1, 2) on luciferase. 
Unfortunately experimental difficulties permitted pressure studies at only 
one temperature, but nevertheless several new and interesting features of 
the mechanism of sucrose inversion were uncovered. 

A few attempts have been made in the past to study cane-sugar hydroly- 
sis under pressure. In 1892 Réntgen (3) reported that gas (CO, and Ng) 
pressures of 500 atmospheres (7000 pounds per sq. in.) appeared to inhibit 
sucrose hydrolysis catalyzed by HCI to a very small degree. He assumed 
that the effect was due to a decrease of acid dissociation under pressure. 
Rothmund (4) in similar experiments confirmed his work by finding a 
i per cent decrease in inversion velocity for every 100 atmospheres pressure. 
It has been pointed out (5), however, that Réntgen’s results are invalid, 
since the constants calculated differ by so small an amount. Stern (6) 
has shown that pressure up to 500 atmospheres will cause an apparent 
decrease in the velocity of sucrose inversion when the reaction is catalyzed 
by hydrochloric, sulfuric, or oxalic acid. The same pressures, however, 
seem to accelerate the process when phosphoric or acetic acid is used. 
His velocity constants have been calculated and compared by Cohen and 
DeBoer (7), whose independent investigations also showed reduction in 
speed of hydrolysis. They expressed the influence of pressure with the 
formula, d In k/dP = constant. The experiments with invertase de- 
scribed in the present paper indicate no decrease in velocity constants, 
but rather resemble those with acid hydrolysis in which the constants were 
increased by pressure. 

EXPERIMENTAL 

Apparatus—The reaction chamber consisted of a heavy walled iron 
tube, 16 inches in length, into which the experimental mixtures were 
poured. The middle portion was supplied with a hydrostatic pressure 
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inlet tube, and each end was cut in such a way that it might accommodate 
a close fitting, self-sealing cap. Each cap was so designed that a thick 
(7.5 mm.) plate glass window could be permanently sealed in one end. 
To prevent any undesired effects from the metal of the tube the entire 
chamber was electrically plated with layers of copper, nickel, and silver, 
A water jacket was provided, and the system was thermostatically regu- 
lated to +0.1°, all experiments being carried out at 2).0°. When com- 
pletely assembled the bomb just fitted the Schmidt and Haensch half 
shadow polarimeter which was used to follow the reactions by the usual 
methods. The light source was a General Electric sodium vapor lamp. 
Pressure was maintained by means of a specially constructed hand hy- 
draulic pump, oil being used as the medium of pressure transmission. 
Compression up to 10,000 pounds per sq. in. was available. 

A commercial invertase solution supplied by Eimer and Amend was 
used throughout, and sucrose solutions were prepared freshly for each 
experiment from the same lot of commercial granulated cane-sugar. Aeid- 
ity was maintained constant with a 1:1 stock mixture of 0.1 N sodium ace- 
tate and 0.1 N acetic acid (pH 4.5) to which a few drops of toluene had been 
added as a preservative. The same volumetric apparatus was used in 
all experiments. 

Pressures greater than 3000 pounds per sq. in. produced a great amount 
of double refraction in the observation windows, and the polarimeter could 
not be read. For this reason reactions under higher pressures were fol- 
lowed by temporarily removing pressure before each observation. A read- 
ing was taken approximately every 5 minutes, and the time from removal 
to reapplication was in most cases about 20 seconds. Eventually, how- 
ever, the windows developed permanent strain. On this account the 
method was modified, and the reaction chamber was fitted with a new set 
of windowless caps. In place of reading rotation through the bomb, 3 ce. 
samples were withdrawn through a needle valve into a test-tube, the solu- 
tion in the chamber being displaced by oil. The samples were trans- 
ferred to a small bore glass polarimeter tube, and the observed change in 
rotation under the new conditions was taken as a measure of the reaction 
rate. All those experiments recorded with the windows in place constitute 
Series I, while those followed by the sampling method make up Series II. 
Since the two series contained different quantities of reactants, the experi- 
ments in each are not comparable. The concentrations for the respective 
enzyme-substrate mixtures were as follows: invertase syrup, Series I, 0.68, 
Series II, 0.27 per cent; sucrose, Series I, 6.00, Series Il, 5.71 per cent; 
buffer and water, Series I, 93.37, Series II, 94.02 per cent; total volume, 
Series I, 30, Series II, 35 ec. 

The experiments of Series II can be further divided into two classes: 
(1) samples treated with 1 drop of 5 n NaOH to inhibit the reaction and 
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to complete glucose mutarotation (final pH, 11 to 12), and (2) samples 
tested as quickly as possible after withdrawal with no inhibition (the 
maximum time lapse was 2 minutes). 

It may be thought that pressure has a deleterious effect on the enzyme 
itself, thereby influencing experimental results. Matthews, Dow, and 
Anderson (8), investigating pepsin and rennin, and Macheboef and Bas- 
set (9), working on invertase, have shown that only extremely high pres- 
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Fic. 1. Series I, window method. @, five experiments at atmospheric pressure; 
B®, two experiments at 2000 pounds per sq. in.; A, four experiments at 6000 pounds; 


9, two experiments at 7000 pounds 


sures can inactivate purified enzymes. A compression of 6000 atmospheres 
(88,006 pounds per sq. in.) has no apparent effect on invertase activity. 

Results—Several experiments were conducted at arbitrary pressure 
levels for each series, and the results were compared graphically. In 
Series I (glass windows) a plot of the observations for all experiments at 
a given pressure level showed very close agreement. This permitted the 
construction of an “average curve” through the apparent mean of all 
the points. Similar plots for other pressures showed that there was a 
difference between the curves that varied positively with pressure. Fig. 1 


summarizes these results. 
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A similar situation was found for the uninhibited experiments of Series II. 
However, when the invertase in the reaction samples was inhibited with 
NaOH, the average curves had precisely the same locus regardless of the 
pressure, whether atmospheric or 10,000 pounds per sq. in. Fig. 2 com- 
pares typical inhibited and uninhibited reactions. It is of interest to note 
that the values for eleven experiments on treated samples at six different 
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Fic. 2. Comparison of pressure effects on inhibited and uninhibited reactions, 
Series I]. The concentrations of invertase and sugar are the same in all cases. 
@, atmospheric pressure, uninhibited; @, 8000 pounds, uninhibited; O, atmospheric 


pressure, inhibited with NaOH; A, 8000 pounds, inhibited with NaOH 

pressure levels all fell on the same curve (“inhibited” in Fig. 2). The 
readings are not included. Since NaOH not only inhibits invertase but 
also completes mutarotation, the released glucose of the inhibited samples 
of Series II was brought to equilibrium immediately, while in the remain- 
ing experiments of Series II and those of Series I mutarotation was allowed 
to proceed at its normally slow rate. In view of the above results the 
only acceptable conclusion is that the actual rate of sucrose hydrolysis is 
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not affected by pressure, while the speed of mutarotation is proportionately 


increased. 
The nature of the experiments necessitated the use of a less commonly 


employed method for calculating relative reaction velocities. 


The slope 


of the reaction curve at any point is proportional to the amount of sub- 
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Fic. 3. Log plot of tangents to ‘average curves”’ (Fig. 1) of Series I. The slopes 
are taken as measures of the reaction rates. Curve A, atmospheric pressure, slope 
= 2.06; Curve B, 2000 pounds, slope = 2.26; Curve C, 6000 pounds, slope = 2.60; 
Curve ]). TOOO pounds, slope = 2 614. 


are taken as measures of the reaction rates. 
0.58; Curve B, 5000 pounds, slope = 0.77; Curve C, 8000 pounds, slope = 


Fic. 4 


Log plot of tangents to “‘average curves”? (Fig. 2) of Series II. 


The slopes 


Curve A, atmospheric pressure, slope = 


1.00; Curve 


M, logs of tangents to the curve of Fig. 2. Atmospheric pressure, inhibited with 


NaOH, mutarotation complete, slope 


= 1.01 


strate remaining and consequently can be included in a consideration of 


velocity constants. 


Now since the enzymatic hydrolysis of sucrose can 


be considered a pseudounimolecular reaction (10, 11), tangents were accu- 


rately drawn to arbitrary points on each ‘‘average curve,” 


and the logio 


of the caleulated slopes was plotted against the time values for each 


pe 


int. 


This procedure gave more or less straight line plots over the uni- 
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molecular portions of the reactions, the slopes being equivalent to the 
true velocity constants. Fig. 3 summarizes the calculations for the ex- 
periments of Series I, while Fig. 4 similarly describes Series II. The inde- 
pendently plotted slopes were transposed along their abscissas to eliminate 
unnecessary confusion in the composite graphs. It can be noted from 
Fig. 4 that no pressure was great enough to cause the apparent velocity 
constant to exceed that obtained when mutarotation was brought to 
completion with NaOH at atmospheric pressure (Curve MM). 
DISCUSSION 

The results described above are undoubtedly due to the effect of pressure 
on the mutarotation of glucose. In view of this a fundamental analysis of 
the isomeric change can be made. Fredenhagen and Bonhoeffer (12) have 
shown that the conversion of a-glucose to 8-glucose in either direc- 
tion is impossible without a breaking of the pyranose ring structure. 
In accord with this a reasonable explanation of the mechanism has been 
offered (13, 14) by assuming that, e.g. for acid catalysis, there is first a 
mobile and reversible addition of a proton to the ether oxygen, followed by 
a rate-determining reaction with a base to give the aldehydic open chain 
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For basic catalysis, on the other hand, there is a mobile and reversible 
removal of a proton, preceding a similar rate-determining reaction with 
an acid to produce the same open chain. In either case both a source 
acid) and an acceptor (base) of protons must be present. The reversion 
of the aldehydic chain form to the ring structure may take place in either 
configuration of the aldehydic carbon. 

With this in mind we can propose a reasonable hypothesis to explain 
the influence of pressure. Assuming that pressure does not markedly 
alter the reaction medium, it is probable that a-glucose on its release from 
the sucrose molecule undergoes a decrease in molecular volume as it passes 
from the inactive pyranose state to the activated open chain aldehyde 
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form. Since this process is the rate-determining one, it holds that an 
increase in pressure must necessarily cause an increase in reaction velocity 
(Le Chatelier’s principle). 

The concept of “absolute reaction rates” (15) is based upon the theory 
that any chemical reaction is characterized by an initial structure, which 
passes through an intermediate configuration critical for the process, to a 
final structure. The intermediate is called the ‘activated complex’’ of the 
reaction, and does not necessarily possess the same molecular volume as 
do either reactants or products. It is possible to calculate the amount of 
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Fic. 5. Logarithms of the slopes in Figs. 3 and 4 versus pressure 


volume change of a glucose molecule upon activation by means of the 
relation! 
yt RT dink’ 
7 dP 

where AV’? = the change in volume per mole between activated and inac- 
tivated states, R = the gas constant in cc., atmospheres per mole per 
degree = 82.05, T = the absolute temperature = 293° K., k’ = A In of 
the calculated slopes (Figs. 3 and 4), which in turn are proportional to the 


' Kindly furnished by Dr. H. Eyring. 
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velocity constant (A logio measured from the graph must be multiplied 
by 2.3), P = pressure in atmospheres. 

Fig. 5 shows the logarithms of the slopes of Figs. 3 and 4 plotted against 
pressure. When ordinates are taken as A logio k’ and abscissas as AP, the 
above equation applied to Series I indicates that glucose undergoes a 
decrease in volume of 12.5 ce. per mole on activation. A similar calcula- 
tion for Series II gives a value of 21.2 ce. per mole. The discrepancy be- 
tween the two quantities is undoubtedly due to the insufficient number of 
points with which the straight lines were determined. The slopes are so 
small and the points for Series II are so widely scattered that it is difficult 
to determine the exact position of the curve. The 12.5 value is prob- 
ably closer to the true volume change, since the slope is more accurately 
indicated. 

The volume change can be explained qualitatively by assuming that the 
atoms of a glucose molecule enclose a relatively large amount of dead 
space in the center of the closed ring. Upon activation the molecules will 
spring open into more or less rod-like configurations that tend to crowd 


into the previously unoccupied areas. 
SUMMARY 


1. Pressures up to 10,000 pounds per sq. in. do not alter the rate of 
hydrolysis of sucrose by invertase. 

2. The rate at which a-glucose comes to equilibrium with its isomer, 
8-glucose, is related positively to the pressure exerted on the system. 

3. A volume change is involved in the rate-determining step for glucose 
mutarotation. The activated complex of a-glucose possesses a_ lesser 
molecular volume than does a-glucose itself. 

1. The volume decrease on activation is calculated. 


The author wishes to express his sincere gratitude to Dr. Ek. Newton 
Harvey and Dr. A. M. Chase for their invaluable assistance and encourage- 
ment during the time required to develop this paper. Indebtedness is also 
felt toward Dr. Henry Eyring, who made possible the calculations involving 


molecular volumes. 
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THE NATURE OF THE INSOLUBLE SODIUM OF BONE. THE 
ADSORPTION OF SODIUM AT FORTY DEGREES BY BONE, 
DENTIN, ENAMEL, AND HYDROXYAPATITE AS 
SHOWN BY THE RADIOACTIVE ISOTOPE* 


By HAROLD CARPENTER HODGE, WILLIAM F. KOSS, JAMES T. GINN, 
MARLENE FALKENHEIM, ELIZABETH GAVETT, RICHARD C. FOWLER, 
ISABELL THOMAS, JOHN F. BONNER, ann GERHARD DESSAUER 
(From the Departments of Biochemistry and Pharmacology and Radiology, School of 
Vedicine and Dentistry, and the Department of Physics, College of Arts and Science, 
The University of Rochester, Rochester, New York) 


(Received for publication, February 20, 1943) 


Sodium has for so long been associated with body fluids and fluid ex- 
change that small attention has been directed to the place of sodium in the 
solid structure of bone. Concepts of the réle of sodium in the animal 
economy have centered on its presence in the extracellular fluid and in the 
blood plasma. However, since bone is formed in contact with, if not 
actually from a salty fluid, it is not surprising that some sodium is found in 
bone. And the small percentages of sodium in the inorganic or ash portion 
of bone (0.2 to 0.9 per cent) aid in the well established impression that the 
sodium content of bone is negligible, both as to its place in the bone struc- 
ture and as to its relation to the sodium of extracellular space. 

However, two facts about sodium (1), not usually appreciated, indicate 
that bone sodium has an important function in the relation of bone struc- 
tures to body fluids: (a) half the body sodium is in the skeleton, and (6) 
half the bone sodium is insoluble. The latter fact has led to the idea that 
bone sodium is of two sorts; half is present dissolved in extracellular fluid 
and is balanced (ionically) by chlorides, while the other half is fixed in the 
bone mineral, perhaps as a part of the apatite lattice (2). This idea of a 
stable sodium fraction is made plausible by the demonstration that the 
higher the ash percentage of a bone sample, the higher the sodium content. 
Furthermore, in the ash of normal and osteoporotic rat bones, the calcium 
content is related in linear fashion to the insoluble or excess sodium content, 
so that for every 30 moles of calcium, | mole of sodium is present (2). 
Such a constancy might be explained by compound formation. This is a 
simple blood to bone sodium relation which might be likened to a salty 
tide washing a slightly alkaline beach with no consequent change in either. 
However, this explanation is too simple; the tissues of the body are not of 
fixed and stable make-up. 

* This work was supported in part by a grant from the Carnegie Corporation of 
New York. 
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In Vivo Lability of Bone Sodium—Some of the facts which indicate a 
lability of the bone sodium are listed as follows: 

Spongy bone, as shown by Kaltreider et al. (3), takes up radioactive 
sodium from the blood as if the spongy bone were 50 per cent plasma. 
Assuming the radioactive sodium found in the bone is in solution in the 
extracellular fluid, this is a fairly high value but not beyond physiological 
limits, since less than 50 per cent of such bone is mineral. Surprisingly, 
compact bone will take up sodium as if the bone were 67 per cent plasma. 
This is extraordinary, since 50 per cent or more of this bone is mineral 
matter. At first glance, it would appear that bone has the ability to con- 
centrate sodium. An alternate explanation would involve the exchange 
of some of the insoluble sodium of the bone with the soluble sodium of the 
extracellular fluid. 

In measuring the sodium space of normal and cardiac patients, Kalt- 
reider et al. using radioactive sodium found that a repeated measurement 
on a subsequent day uniformly gave lower values for the total space 
available for sodium distribution. Their technique involved the intra- 
venous administration of 0.3 gm. or more of sodium chloride in solution. 
It seemed as if some sodium reservoir was filled on the first test and that 
in the subsequent tests, less sodium space existed in the body. A labile 
bone sodium would act as such a reservoir; on intravenous sodium admin- 
istration the blood level would rise sharply, and sodium would be fixed by 
the bone and if released slowly would prevent an equal amount of sodium 
from being taken up by the bone stores on the occasion of a repeated test 
within a limited time interval. 

By suitable control, MeCance (4) was able to remove 8 gm. of sedium 
from a patient without a compensating decrease in the extracellular water 
content, as measured by body weight. This amount of sodium is con- 
tained normally in about 2.4 liters of extracellular fluid; so that such a 
volume change should have been easily detected. Only bone has excess 
sodium in sufficient amounts to be able to supply 8 gm. without drastic 
changes. In fact, 8 gm. of sodium are only about 40 per cent of the 
excess sodium of the adult skeleton, and the removal of this fraction may 
be within the limits of a deprivation experiment. However, this assumes 
a marked degree of lability of the insoluble fraction of bone sodium. 

Harrison (2) fed rats 5000 to 10,000 units of vitamin D daily for several 
weeks. He found, in sharp contrast to his findings on normal and osteo- 
porotic bones, that the sodium content was not proportionate to the calcium 
content, 1 mole to 30. In these rats, the sodium content was too low to 
fit the 1:30 ratio. Harrison suggested that the decalcifying action of such 
doses of vitamin D might play some réle. Such disproportionate sodium 
loss indicates an extra lability of bone sodium even as compared to the 


calcium. 
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These four observations point to a labile property of bone sodium which 
might be likened to an adsorption phenomenon; a rise in the blood sodium 
level is reflected at equilibrium by an increase in the bone sodium content. 
This bone sodium is a store (5) which can be drawn upon to maintain the 
blood level when a sodium loss tends to depress the blood sodium level. 
Such a lability would scarcely be expected if bone mineral is a mixed 
sodium-calcium apatite, nor would the arbitrary division of bone sodium 
into insoluble excess sodium and extracellular sodium fractions remain a 
reasonable hypothesis. 

In Vitro Lability of Bone Sodium-—The lability of bone sodium may be 
adequately described by assuming that sodium is adsorbed on bone min- 
erals. It has been suggested that bone and tooth mineral substance is 


TABLE | 


Sodium Taken Up by Various Calcium Phosphates from Solutions of Sodium Chloride 
(3 to 0.0003 m) 


Average Na taken up per gm. solid 


Equilibrium 
concentration . 
al sodium Apatite , . 
approximate Bone Dentin Enamel 
Sample A* Sample B 

ul m m m mM me. 
3.0 * 10 33 (4) 15 (2) 14 (12) 10 (7) 10 (6) 
3.0 * 10° 1.9 (4 0.94 (2) 3.64 (10) 1.80 (2) 0.92 (6) 
3.9 xX we 3.3 (3 0.076 (2) 0.40 (10) 0.28 (4) 0.084 (6) 
2.9 10 0.60 (4 0.026 (2) 0.11 (10) 0.049 (7) 0.016 (6) 
2.4 10 0.028 (4 0.0078 (2) 0.029 (10) 0.018 (6) 0.003 (6) 


The figures in parentheses represent the number of determinations averaged. 
* This sample of hydroxyapatite is Sample TR 4, Table 5 (7), and has a Ca:P ratio 


of 2.1] 


fundamentally composed of minute crystals of hydroxyapatite, a basic 
calcium phosphate. These tiny crystals have a large total surface and 
offer adequate space for the adsorption of other elements and compounds 
found regularly in smaller amounts in bone ash. Thus, the bone sodium 
may well be “occluded, adsorbed or interstitially crystallized” (6). Some 
support of this hypothesis is gained from the data presented in Table I and 
Fig. 1. The methods are discussed below. These data show that at 40° 
the amounts of sodium taken up by powdered bone from aqueous solutions 
of sodium chloride are satisfactorily described by the Freundlich adsorption 
isotherm (8). In other words, sodium is taken up by powdered bone (and 
other calcified tissues), in a reaction in which a surface is the limiting factor. 

The adsorption of sodium by bone, dentin, enamel, and synthetic hy- 
droxyapatite probably takes place on the surface of the submicroscopic 
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hydroxyapatite crystals common to each of these calcium phosphates, 
The particles of powdered bone probably do not supply the active surface 
in this reaction; for example, it has been shown for phosphate adsorption 
(9) that variation in powder particle size has no influence on the adsorption, 
qualitatively or quantitatively. The active surface for phosphate adsorp- 
tion presumably is that of the hydroxyapatite crystals; a comparison of the 
data on phosphate adsorption with those for the sodium adsorption will 
reveal so striking a parallel that the extension of this assumption to sodium 
adsorption seems permissible. Thus, with sodium as with phosphates, 
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Fic. 1. Adsorption isotherms for sodium and the various calcium phosphates 


bone adsorbs more sodium than does dentin, which, in turn, adsorbs more 
than enamel. It is known that this represents the reverse gradation in 
crystal size; bone crystals are smallest (average, 10-° em.) and enamel 
largest (average, 10~* cm.) (10). The smaller bone crystals of hydroxy- 
apatite would have a larger surface per unit of weight and should adsorb 
more sodium. That this order of sodium adsorption really reflects some 
fundamental property of the hard tissues may be seen from the fact that 
the same adsorption order, i.e. bone > dentin > enamel, is found for 
fluorine (11), phosphate (9), and arsenic.' The hypothesis may there- 


1 Hodge, H. C., unpublished data. 
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fore be advanced that at least part of the bone sodium is adsorbed on 
the surface of the crystals of hydroxyapatite which constitute the principal 
molecular component of bone. 

Qualitative Applications in Vivo of in Vitro Adsorption Data—There are 
a number of qualitative observations which are in reasonable accord with 
the adsorption hypothesis. (a) Compact bone adsorbed more radioactive 
sodium (3) than did spongy bone because compact bone has more hydroxy- 
apatite crystals (7.e. more ash) per unit weight than does spongy bone. 
More crystals mean more surface; hence more sodium taken up. (b) The 
decrease in sodium space on the second or repeated tests in human subjects 
(3) may be attributed to the establishment from the sodium chloride ad- 
ministration (intravenous) of a higher sodium level in the extracellular fluid 
which caused more sodium to be adsorbed per gm. of bone. There is 
evidence (Fig. 2) that sodium is rapidly adsorbed and slowly lost. The 











© 10 2 30 40 SO 60 70 80 90 
Minutes 


Fic. 2. Uptake of radioactive sodium by powdered bone. The ordinate X/M 
represents mg. of sodium per gm. of bone. The abscissa is the total time of exposure 
of the powdered bone to a solution of approximately 0.03 m sodium chloride. 


bone samples adsorbed a “maximum” amount of sodium marked by Na*™ 
in about 45 minutes. This uptake is in the insoluble sodium fraction, since 
the bone samples of Fig. 2 are repeatedly washed with distilled water until 
radioactive sodium is lost in negligible amounts on subsequent washings 
Therefore, in the patients receiving sodium intravenously, when the blood 
sodium returned to its former level, the bone probably still retained much 
of the sodium it had gained. On repeated tests of sodium space on sub- 
sequent days, the bone sodium was already higher than normal and this 
important site of the initial sodium uptake was no longer available. A 
lesser sodium uptake and a lower calculated sodium space was the result. 
(c) The loss of 8 gm. of sodium as observed by McCance (4) would involve 
the maintenance of a decreased extracellular fluid sodium concentration to 
remove 40 per cent of the total bone sodium. It is noteworthy that 
MecCance’s patient required 11 days to establish the loss of so much sodium. 
However, from other data given in McCance’s report, calculations show 
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only a part (20 to 45 per cent) of the 8 gm. of sodium deficit can properly 
be accounted for by desorption. McCance shows that the blood sodium 
decreased from an original value of 148 to 131 milliequivalents per liter at 
the end of the deprivation period. This concentration drop applied to the 
adsorption isotherm (Fig. 3) would account (ceteris paribus) for about 
1.6 gm. of sodium removed in a 70 kilo man whose skeleton made up 
16 per cent of his weight. From plasma chloride levels it may be similarly 
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lines represent the standard deviation. Entering the figure at the value on the 
abscissa corresponding to blood concentration of sodium gives the interpolated value 
in logarithmic units of 1.7 mg. of sodium per gm. of bone 


calculated that 3.5 gm. of sodium can be accounted for. The remaining 
55 to 80 per cent of the sodium deficit came from unknown sources. (d) 
In the vitamin D-treated rats of Harrison (2), a decalcification might 
well remove the surfaces of many hydroxyapatite crystals before any crys 
tals were completely resorbed. If the sodium was adsorbed on the 
crystal surfaces, the decalcification would tend to remove sodium faster 
than calcium. This process would leave a bone which would have a sodium 
to calcium ratio lower than the normal 1:30 ratio. (¢) In the rats in which 
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osteoporotic bone was produced by a diet containing calcium carbonate 
(2), low calcium percentages were accompanied by a normal sodium to 
calcium ratio. According to the adsorption hypothesis, this indicates that 
less than normal amounts of calcium phosphates were deposited, but that 
the extracellular fluid was of approximately normal sodium concentration. 

Quantitative Applications in Vivo of in Vitro Adsorption Data—The 
consideration of certain quantitative relations between blood and bone 
sodium also shows the usefulness of the adsorption hypothesis. On the 
basis of 1 mole of sodium to 30 moles of calcium Harrison postulated a 
sodium-calcium apatite. From the adsorption data, it can be shown that 
a simple adsorption would account for the constancy of the relation, pro- 
vided (a) that the hydroxyapatite crystals in various bone samples had 
comparable active surfaces and (b) that the concentration of blood sodium 
and therefore of extracellular fluid sodium was fairly constant. Chemical 
analyses for sodium by Harrison, Darrow, and Yannet (1) show in the case 
of Dog 2, for example, that 1756 gm. of skeleton contained 3.124 gm. of 
sodium or 1.78 mg. of sodium per gm. of bone. This dog’s plasma evi- 
dently contained about 145 milliequivalents of sodium per liter. If the 
blood sodium concentration is assumed to represent the sort of equilibrium 
state with bone which is described by the in vitro adsorption measurements, 
then entering Fig. 3 at log C = log 0.145 = —0.84 would lead to a predicted 
value of log X /.V/ for bone in vivo of +0.22. This corresponds to an X/M 
value of 1.7 mg. of sodium per gm. of bone. Thus, from the adsorption 
experiments bone sodium levels such as are actually found by chemical 
analyses could be predicted. 

From radioactive sodium studies comes additional confirmation of this 
relation. 6 hours after Dog 1 of Kaltreider et al. (3) was given sodium 
marked by Na*, the serum showed 129 counts per minute on the Geiger- 
Miiller seale-of-four counter (12). Assuming that the serum had about 
145 milliequivalents of sodium per liter, this amounts to 38.7 counts per 
minute per mg. of sodium. At this time, the femur had taken up 85 counts 
per minute per gm. or 2.2 mg. of sodium per gm. of bone. Other samples 
of whole bone by similar calculation showed 1.5, 1.9, 1.8 mg. of sodium per 
gm. of bone. These values all are of the same order of magnitude as the 
value of 1.7 mg. of sodium per gm. of bone predicted by the in vitro adsorp- 
tion measurements. This is strong evidence for the adequateness of the 
adsorption hypothesis. 

The amounts of excess sodium reported (1) for various bone samples have 
varied somewhat. For example, for Dog 2, the excess sodium was 0.9 mg. 
of sodium per gm. of bone; for a monkey a value of 1.0, and for a rabbit of 
0.9 mg. per gm. were given. These values were obtained by the subtrac- 
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tion from the total sodium of sodium equivalent to the chloride content. 
However, the same fraction, about half the total bone sodium, is described 
as insoluble in water or in boiling alkaline leaches. LKaltreider et al. (3) 
boiled bones containing radioactive sodium in 3 per cent potassium hydrox- 
ide in ethylene glycol to remove the organic matter (13). The amounts 
of sodium remaining were 0.95, 0.65, 0.22, 2.01, and 1.44 mg. of sodium per 
gm. of bone in several samples of femur shafts and epiphyses and of scapu- 
lae. Although there is a considerable scatter in these values, in general 
they are of about the same order of magnitude as those from chemical 
analyses; the variations may represent varying degrees of desorption. It 
is noteworthy that the insoluble or excess sodium may easily be accounted 
for by adsorption, since in each case these values are lower than the mg. of 
sodium per gm. of bone predicted from the in vitro experiments. It should 
be remembered that the in vitro bone samples were measured for their 
radioactive sodium uptake only after thorough washing with distilled 
water. Thus the tn vitro measurements were of sodium which was insoluble 
in two or three washings in distilled water. 

Bone sodium may thus be assigned a first order physiological importance. 
Storing sodium (3) when the blood level rises and providing a surprisingly 
adequate reservior when a sodium drain is established, the bone thus acts in 
both instances to maintain the constancy of the blood and extracellular 
fluid sodium level. This behavior of bone sodium and even the magnitude 
of the sodium content normally found in bone are shown to be adequately 
accounted for as adsorption phenomena on the assumption that blood and 
bone constitute an “equilibrium” system similar to the sodium chloride 
solution-powdered bone system studied in vitro. Until more direct evi- 
dence of chemical combination of sodium as an apatite replacement atom 
is found, bone sodium may be described as an adsorbed constituent on the 
surface of the minute bone crystals of hydroxyapatite. 

Method—The procedure has already been described in detail (11). 
Briefly, the steps are as follows: (1) 50 mg. samples were taken of powdered 
(60 mesh) bone, dentin, enamel, and a synthetic hydroxyapatite (Sample 
H2 with a Ca:P ratio of 2.11, described by Hodge, LeFevre, and Bale (7)). 
The bone had been ashed with 3 per cent KOH in glycol (13); the dentin 
and enamel were the unashed product of the centrifugal flotation separa- 
tion process (14). (2) Powdered samples in duplicate were exposed for 45 
minutes at 40° (Fig. 2) to 25 ml. aliquots of various sodium chloride solu- 
tions containing aliquots of radioactive sodium. (3) The solutions were 
removed by centrifugation and decantation, and the powders washed 
repeatedly (usually two or three times) in distilled water. (4) The mineral 
samples were then dissolved in a small volume of dilute hydrochloric acid 
and the radioactivity of a 2 ml. aliquot determined by the Geiger-Miiller 
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scale-of-four counter. Each point was determined in duplicate or quadru- 
plicate. The entire study was carried out in an independent fashion in 
three instances (Table I). 

Data—The mg. of sodium taken up per gm. of bone, hydroxyapatite, 
dentin, and enamel are given in Table I for each of the final concentrations 
of sodium chloride. It is noteworthy that bone, which, in vivo, contains 
about 2 mg. of sodium per gm., is capable of taking about 7 times this 
quantity (14 mg.) from a3 Mm sodium chloride solution. The sodium taken 
from the solution was never a large fraction of the total sodium initially 
present; thus bone took up 0.06 per cent of the sodium from the 3 M solution 
and 0.06, 0.2, 0.5, and 2.5 per cent from the more dilute solutions, respec- 
tively (Table 1). 

The fact that sodium is adsorbed by bone as shown by the radioactive 
isotope raises the question of the mechanism. At least two reactions are 
possible, (1) Na®* marked with Na*™ exchanges with Na* or with other cat- 
ions,? or (2) sodium presumably as NaCl is adsorbed as a molecule. If 
the latter alternative is true, the change in chloride content should be 
measurable. Miss Loraine Haege, of the Department of Physiology, 
kindly analyzed duplicate 100 mg. aliquots of enamel before and after 
exposure to 3 mM NaCl solution. Before exposure, the enamel samples 
contained 0.045 and 0.062 mg. of chloride, respectively. After exposure 
other samples contained 0.331 and 0.332 mg. respectively. The increase 
after exposure corresponds to about 2.8 mg. of chloride per gm. of enamel, 
which as NaC! would be accompanied by 1.8 mg. of sodium. Since enamel 
under these conditions has been shown to take up about 14 mg. of sodium 
per gm., the adsorption of molecular NaCl can account for only one-eighth 
of the total. In consequence, it may be suggested that the exchange of 
sodium from the solution with sodium or other cations of the calcified tissues 
is the more important mechanism of the adsorption process. 

The k values in the Freundlich (8) equation can be compared for phos- 
phate, fluoride, and sodium adsorption on the calcified tissues. Here, bone, 
dentin, and enamel give for the most part almost identical values; that is, 
the differences among the three tissues are much less than the differences 
among the adsorbing powers for phosphates, fluorides, and sodium. Com- 
pared to sodium (Table ITI), about 20 times as much phosphate is adsorbed 
at 40°, 5 to 7 times as much fluoride at 40°, and 1.2 to 0.3 times as much 
phosphate at 200° (15). This is not surprising, since phosphate exchange 
would provide for a large order surface reaction and since fluorides are 


2 It is conceivable that Na* might preferentially exchange with Na** and thus 
ive a falsely high apparent rate of Na** turnover; this is not held to be a likely 
} g PI ; y 

occurrence. 
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known to react rapidly and quantitatively with calcium phosphates. The 
marked numerical similarity in k values for a given adsorbed substance on 
the three tissues may be taken as evidence of a common chemical unit 
responsible for the adsorbing surface in each tissue. 

Although only a few analyses of the sodium content of enamel and dentin 
are available (16-18), these tissues contain more sodium than does bone: 
values from 2 to 9 mg. of sodium per gm. are given for enamel, from 2 to 6 
mg. per gm. for dentin. From the adsorption isotherms (Fig. 1), the 
predicted values are approximately 0.7 mg. of sodium per gm. of enamel 
and 1 mg. per gm. of dentin. Better agreement has been found in the 
radiosodium data of Koss and Ginn (19). In dogs sacrificed 12 hours after 
radiosodium administration, enamel had taken up or exchanged 0.5 to 1.0 
mg. of sodium per gm., dentin 1.3 to 2.0 mg. per gm. These values com- 
pare favorably with those predicted from adsorption studies. Whole teeth 
ashed with glycol-KOH still retained sufficient radiosodium to correspond 


TABLE II 


Adsorption of Various Tons by Cal ified Tissues Compared to Sodium As { nily 


lon Temperature Bone Dent Ename 
( 

PO, 10 25.2 19.2 22.4 

I tp) 5.9 6.7 5.4 

PO, 200 3 1.2 0.3 

Na 1) 1.0 1.0 1.0 


to about 0.3 mg. of sodium per gm. It is possible that in these dense1 
tissues diffusion is a limiting factor in the adsorption studies and that a 
greater exchange could be discovered in longer exposures. Some evidence 
in this direction can be gained from the studies of Kaltreider et al. (3) and 
Koss and Ginn (19) on Dog 3. In this dog the bone radiosodium had 
nearly reached its highest value in 3 hours.’ In the incisors and canines of 
the same dog Koss and Ginn found only 25 to 30 per cent of the peak value 
in 3 hours and 50 to 75 per cent after 9 hours. It would be interesting to 
run sodium adsorption studies on enamel and dentin at prolonged intervals, 
for example at 12 to 24 hours. However, for enamel and dentin, until 
better analytical data are available, it is permissible to assume the same 
hypothesis as applies to bone and therefore that adsorption accounts for a 
major part of the sodium of these tissues. 

Compare the report of Manery and Bale (20) who found a 100 per cent increase 


in rat femur radiosodium in the interval between 8 minutes and 12 hours after intra 
peritoneal injection. Unfortunately no intermediate data were recorded. 
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SUMMARY 


1. Bone, dentin, and enamel take up sodium from solutions of sodium 
chloride containing radioactive sodium. For each tissue the uptake is 
satisfactorily described by the Freundlich adsorption isotherm. 

2. Synthetic hydroxyapatite under similar conditions also gives an ad- 
sorption isotherm. ‘The isotherms for the calcified tissues are numerically 
similar to that for hydroxyapatite, from which it is inferred that the ad- 
sorption of sodium in the calcified tissues takes place on the surface of the 


mineral ultimate crystals. 

3. In amounts of sodium adsorbed, bone > dentin > enamel. This is 
the order of increasing crystal size and therefore of decreasing surface area 
of the ultimate crystals. 

4. The nature of the bone sodium has never been established. The 
finding that at blood sodium levels the amount of sodium found in bone in 
pivo may be predicted by the adsorption isotherm is not proof that the 
bone sodium is adsorbed in vivo. However, it may be said that the ad- 
sorbing power of bone is great enough to account for the sodium present 
in vwo. 
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During the course of an investigation of the effect of certain metabolic 
inhibitors on the fertilizing ability of spermatozoa it became necessary to 
know whether or not the effects of the inhibitors were reversible. The 
studies reported herein were undertaken to gain this information. 

In earlier studies (1-3) of the reversibility of inhibition certain agents 
were added to counteract the effect of the inhibitor. Only a few inhibitor 
substances can be thus counteracted. A more widely applicable procedure 
is to study the metabolism of tissue slices (4), resting cells, or brei (5) in a 
medium containing an inhibitor. After a period of time the tissue is re- 
moved and the metabolism studied in a fresh medium. Reversibility of 
inhibition of sperm metabolism may be studied by the latter method, since 
the spermatozoa are easily centrifuged from the medium containing the 
inhibitor and can be resuspended in fresh media for experimentation. 


Methods 


The methods used for collection of bull semen, preparation of sperm 
suspensions, manometric measurements, and expression of results have 
been described elsewhere (6). Calcium-free Ringer-phosphate solution 
(7) at pH 7.0 was used as the suspension medium for the present studies. 
Motility observations were made and recorded as previously described (8). 
The inhibitors used were the purest commercial preparations available. 
When only relatively pure products could be obtained, they were further 
purified by recrystallization in the laboratory. When inhibition of respira- 
tion was studied, solutions (pH 7.0) of the various inhibitors were added to 
the Warburg flasks and the spermatozoa were therefore in contact with the 
inhibitor during the 10 minute equilibration period as well as during the 
manometric measurements. 

In the experiments on reversibility sufficient inhibitor solution was 
added to an aliquot of the sperm suspension to give the same concentration 
of inhibitor as that finally employed in the Warburg flask. After mixing, 


* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. Supported in part by a grant from the Wisconsin Alumni 
Research Foundation. 
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the sperm suspension was held at room temperature for a given period. 
The control sample without inhibitor was likewise stored for an equivalent 
period so that the effect of ‘“‘age’’ (9) would not be a disturbing factor. 
Both suspensions were then centrifuged and the spermatozoa separately 
suspended in fresh Ringer-phosphate solution for manometric measure- 
ment. Respiration of the treated sample was studied in Ringer-phosphate 
solution in the presence and absence of the inhibitor. This permitted 
studying the extent to which a given compound would inhibit respiration 
and the reversibility of the inhibitory effect. Aliquots and dilutions were 
carefully measured to keep the same sperm concentration in each flask. 
During the period of inhibitor treatment the density of the sperm suspen- 
sion and concentration of the inhibitor were the same as those finally used 
in the Warburg flasks. 

When glucose was added, the final concentration was 0.02 m. 

The inhibitors tested were selected because they had been previously 
shown to inhibit certain enzymatic reactions and we wished to determine 
the relation of enzymatic reactions to sperm motility and fertility. 


Results 


The effect of various inhibitors on the respiration of ejaculated bull 
spermatozoa is shown in Table I. The reversibility of these effects is 
shown in Table II. In order to conserve space data for only one level of 
each inhibitor are presented, except when various levels gave qualitatively 
different responses in regard to metabolism or fertility.’ 

Malonate—This substance is known to inhibit succinic dehydrogenase 
by competing with the substrate succinic acid for the active groups on the 
enzyme and its action is considered to be reversible. These studies show 
an inhibiting effect on the respiration of spermatozoa and it too is com- 
pletely reversible. The effect of malonate on motility depends on the 
presence or absence of glucose, as will be shown below. 

Benzoate—Since Jowett and Quastel (10) found that benzoate inhibited 
fatty acid oxidation, it was of interest to try the effect of benzoate on sper- 
matozoa, as the endogenous source of energy is probably lipid oxidation 
(11,12). When benzoate was in contact with the spermatozoa only during 
the equilibration period, inhibition of the endogenous respiration was 
greater than the inhibition in the presence of glucose. That the inhibition 
was completely reversible is shown by the data in Table IT. 

Hydroxyquinoline Sulfate—This substance is of interest because of its 
use in certain contraceptive agents. At 0.001 m it definitely inhibited 


' Fertility studies have been made in cooperation with Dr. L. Casida and Mr 
Robert Murphree and will be published elsewhere 
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respiration but did not adversely affect motility. The inhibition of respira- 
tion was largely reversible. 


TABLE I 
Effect of Inhibitors on Respiration of Bull Spermatozoa 


Z(, (c-mm. Os per 108 sperm cells per hr.) 


Plus inhibitor 


Cai Age Control | 
Inhibitor conthan of _ " | — : 
sperm*| Endogenous Glucose re Glucose4 
ist 2nd Ist | 2nd ist | 2nd | Ist | and 
hr. | hr. | hr. | hr. | hr. bead hr. | hr. 
7 hrs. 
Malonate 0.01 1.0 | 17.3| 10.0) 10.8) 6.7; 4.4/1.5) 4.6 
Benzoate 0.01 1.5 15.1) 10.4) 11.4] 6.4) 8.3 | 5.8] 9.0) 5.9 
Hydroxyquinoline SO,... 0.001 2.0, 14.3, 2.5 4.5 | 0.3) 
Fluoride 0.01 1.5 | 14.2 9.7 | 0.7 2.0 
Arsenite 0.02 1.5 | 25.3 17.9) 20.5) 13.7| 1.7 | 1.0) 
Maleate 0.001 1.5 | 15.1) 10.4) 11.4) 6.4)12.9 | 5.1) 10.4) 3.1 

‘ 0.0033 = he | | 4.4 | 4.4 

0.01 oe) a (0.0/0.0 | 

0.01 3.5 | 17.0) 12.0, 11.9] 5.4| 1.5/0.0) 2.8/0.0 
Indole 0.01 2.0 | 17.5) 8.7| 13.0 | 8.1 0.0) 9.5) 1.6 
Cyanide 0.001f 1.0 | 19.2) 5.0 2.1$/11.8) 

“ 0.001 1.0 18.2 11.6) 14.3 0.0 | 0.0) 0.0 
Azide 0.001 1.0 | 18.2) 11.6 14.3) 18.2] 7.5] 6.7 
Chloretone 0.001 , wl = (10.9 | 8.1) 9.3) 6.2 

“ 0.003 Oo) Oe SG OH " 7.8 | 6.3) 7.1] 5.7 

lodoacetate 0.00005 ie , ~|20.0 | 5.0) 14.4) 8.6 

“ 0.0005 | *:9| 4-4 19-9 18-2 8-41 3] 1.7] 9.1) 1.3 

Hydroquinone 0.00005 2.0 13.7) 14.0 13.1) 11.5/18.0 |15.8! 16.213.4 
“ 0.00025 1.0 | 11.4 10.9 (0.0; | 13 
Quinone 0.00025 1.0 11.4 10.9 0.0 | 0.0 

p-Phenylenediamine 0.00005 2.0 | 13.7; 14.0; 13.1) 11.5)21.4 |17.3) 20.9)15.7 

dl-Glyceraldehyde 0.02§ 2.0 | 17.5} 8.7} 13.0 13.7 | 6.2) 8.4) 5.6 
“ 0.02 1.5 15.6 4.2 


* Time between collection of semen and placing Warburg flasks in 37° bath. 
*No KCN in center cup. 

t Zo, calculated from the uptake of the first 20 minutes. 

§ The solution was | day old, kept in the refrigerator, and probably largely in 


the dimeric form 
The solution was 5 months old, kept in the refrigerator, and probably largely 


in the monomeric form 
© The readings in these two columns are negative. 


Fluoride—-Lohmann and Meyerhof (13) have shown the reversible 
inhibition of fermentation by fluoride to be caused by the inhibition of the 
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enolase which converts phosphoglycerate to phosphopyruvate. Although 
this enzyme is the most sensitive to fluoride, a wide variety of enzymes is 
affected. In these studies fluoride reversibly inhibited respiration and 
motility of bovine spermatozoa. 

Arsenite and Selenite—It has been shown that selenite probably inhibits 
by combining with sulfhydryl groups of enzymes (14, 15). Both arsenite 
and selenite irreversibly inhibited sperm respiration. They had been 
previously shown to inhibit motility (8). 0.01 Mm arsenite irreversibly 
inhibited the endogenous respiration 53 per cent. Selenite at 0.002 m 
had no effect on respiration in the presence of glucose and inhibited endog- 
enous respiration 31 per cent. At this lower concentration the inhibition 
by selenite was reversible. 

Maleate—This substance also combines with sulfhydryl groups. The 
effect of maleate on respiration, motility, and fertility! of spermatozoa 
varied greatly with the concentration of inhibitor employed. 0.01 m 
maleate inhibited 90 per cent of the endogenous respiration and completely 
and irreversibly inhibited motility. When glucose was supplied, respira- 
tion was irreversibly inhibited but the inhibition of motility was reversible. 
With lower concentrations of maleate motility was more readily regained. 

Indole—Stotz and Hutchinson (16) have reported that indole inhibits 
brain respiration but does not inhibit its power to oxidize lactate or py- 
ruvate. Indole irreversibly inhibited sperm respiration both in the pres- 
ence and absence of glucose. Inhibition of respiration was proportional 
to the length of time the sperm was in contact with the inhibitor. The 
lowest concentration of indole tried (0.005 m) completely and irreversibly 
inhibited motility. 

Cyanide and Azide—-lIvanoy (17) found cyanide to inhibit respiration 
but not motility of dog spermatozoa. ‘The respiratory enzyme most readily 
affected by cyanide is cytochrome oxidase. Zittle and Zitin (18) have 
demonstrated the presence of this enzyme in bull spermatozoa. In the 
present work both azide and cyanide inhibited respiration. The effect of 
cyanide was almost completely reversible, while that of azide was only 
partially reversible. An unusual observation was that azide was more 
harmful to sperm motility in the presence of glucose than in its absence. 
The effect of evanide on motility will be described below. 

In the direct measurement of oxygen uptake in the presence of cyanide 
it is necessary to add KCN to the KOH mixture in the center well to pre- 
vent the distillation of evanide from the media into the KOH. The 
KCN-KOH mixtures used were those recommended by Krebs (19). When 
only KOH was present in the center cup, respiration was inhibited at first 
(Table I) but the rate of respiration increased until at the end of an hour 
the rate exceeded that of the control. This, together with the data in 
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Table II, indicates the complete reversibility of the effect of cyanide on 
sperm respiration. 

Chloretone—This narcotic inhibits brain respiration and according to 
Michaelis and Quastel “affects largely either a special flavoprotein or some 
component of the tissue respiratory system which plays an intermediate 
role between flavoprotein and cytochrome oxidase” (20).2. A concentration 
of 0.0028 M slightly inhibited respiration, while lower concentrations ap- 
parently stimulated oxygen consumption. No appreciable effect on mo- 
tility was observed. 

lodoacetate—The effect of this substance on glycolysis and motility was 
previously studied (8). Barron and Goldinger (21) have recently reported 
that iodoacetate and malonate greatly increase the respiration of sea urchin 
spermatozoa. With mammalian spermatozoa low concentrations of iodo- 
acetate stimulate oxygen consumption, while somewhat higher concen- 
trations first stimulate and then decrease the respiration (Table I), and 
still higher concentrations show only inhibition. In experiments with 
rabbit spermatozoa similar results were obtained but a much lower con- 
centration of iodoacetate was necessary to obtain the stimulating effect. 

When the data are plotted graphically, the curves showing the effects of 
various levels of iodoacetate on sperm respiration are strikingly similar to 
those obtained by Henle and Zittle (22) who studied the effects of various 
levels of gramicidin on bovine epididymal spermatozoa. ‘This may offer 
an indication of the mechanism by which this bactericidal agent is effective. 

lodoacetate inhibits sulfhydryl enzymes in general and is especially toxic 
to the phosphoglvceraldehyde dehydrogenase. The latter enzyme is of 
prime importance in the anaerobic phases of carbohydrate metabolism. — It 
is probable that the increased oxygen consumption in the presence of the 
lower concentrations of iodoacetate is brought about by an inhibition of 
glycolysis (8) which in turn causes the sperm to depend on oxidative proc- 
esses for a greater portion of its energy (11). The inhibition by iodo- 
acetate of sperm respiration was irreversible and the inhibition of motility 
was only slightly reversible. 

Hydroquinone, Quinone, and p-Phenylenediamine— The effect of these 
substances on sulfhydryl-containing enzymes has been studied by Potter 
and DuBois.’ The levels of these compounds effective in inhibiting the 
succinoxidase system*® did not inhibit the respiration of spermatozoa but 
higher levels did cause inhibition. One inexplicable observation is that the 
inhibition of sperm respiration by 0.00025 mM hydroquinone is reversible, 

2 In a study of the physiological effects of chloretone as they relate to ascorbic 
acid synthesis we found (Lardy and Phillips, unpublished data) that chloretone does 
not inhibit the flavoprotein d-amino acid oxidase of rat kidney or liver 

Potter, V. R., and DuBois, K. P., unpublished data 
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while inhibition by quinone is irreversible (Table II). According to 
Potter (23) the inhibition by hydroquinone is contingent on its oxidation 
to quinone. In our experiments hydroquinone depressed respiration 
almost as much as did quinone; yet the effect of hydroquinone was com- 
pletely reversible, while that of quinone was irreversible. Quinone 
completely and irreversibly inhibited motility. Hydroquinone also in- 
hibited motility but the effect was reversible and was lessened by glucose 
in some specimens. 

In one case treatment with p-phenylenediamine resulted in a tremendous 
increase in endogenous respiration. The spermatozoa used in this experi- 
ment were from a bull which frequently produced specimens having meta- 
bolic characteristics similar to epididymal spermatozoa, as described by 
Henle and Zittle (24); 7.e., a low endogenous respiration which is greatly 
increased in the presence of glucose. Treatment of the spermatozca for 
30 minutes with 0.00025 m p-phenylenediamine brought the endogenous 
respiration to a level characteristic of normal ejaculated spermatozoa 
(Table II). After treatment the respiration in the presence of glucose was 
less than the endogenous, likewise a characteristic of ejaculated sperma- 
tozoa. No stimulation was observed when the p-phenylenediamine was 
left in contact with the spermatozoa. Further, the same concentration of 
p-phenylenediamine had no effect on respiration of normal ejaculated 
spermatozoa (Table II). Lower concentrations of both p-phenylene- 
diamine and hydroquinone stimulated respiration (Table I). No effect 
on motility was observed at these levels of p-phenylenediamine. It is 
possible that differences in metabolism between epididymal and ejaculated 
spermatozoa may be the result of such an activation of the oxidative system 
during maturation or by accessory fluids of the genital tract. 

dl-Glyceraldehyde—It is well known that glyceraldehyde inhibits glucose 
breakdown to lactic acid. Where tissue respiration depends on oxidation 
of glucose breakdown products it is likely that glyceraldehyde would also 
inhibit respiration. In the sperm, inhibition of both endogenous respira- 
tion and respiration in the presence of glucose occurred. Motility was 
likewise inhibited and the effects on both respiration and motility were 
irreversible. 

The degree of inhibition produced by an old solution of glyceraldehyde 
was much greater than that of a fresh solution. This indicates that in 
spermatozoa as well as in other glucolyzing tissues it is the monomeric form 
of glyceraldehyde that causes the inhibition. 

Effect of Substrates on Inhibition of Motility—It was observed that the 
effect of certain inhibitors on sperm motility depended on the presence or 
absence of glucose in the suspension medium. The inhibitors in question 
were those known to affect the oxidative rather than the glycolytic proe- 
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esses. Table III shows the relation of glucose to the effect of the in- 
hibitors. Malonate, cyanide, and benzoate, which were shown in Table | 
to inhibit respiration, also inhibit motility in the absence of glucose. 
When energy was available to the sperm through the process of glycolysis 
(glucose present), these inhibitors were almost without effect on motility. 
That these substances do not inhibit glycolysis is shown in the following 
paper (25). This is further evidence of the independent ability of two 
separate metabolic processes, 7.e. oxidative and glycolytic (12), to support 
motility. 

Fumarate, which itself is not toxic to spermatozoa, failed to revive the 
motility of spermatozoa in the presence of malonate. This would seem to 
indicate that the inhibition by malonate was not limited to its blocking the 
citric acid cycle, since fumarate relieves this type of inhibition. The 

TABLE III 


Relation of Glucose to Effect of Certain Inhibitors on Sperm Motility 


The semen was diluted with an equal volume of Ringer-phosphate solution, 
centrifuged, and the spermatozoa suspended in sufficient Ringer-phosphate solution 
to give 3 times the original volume of the semen; incubated at 30 


\i ity t 
Sperm suspension plus 
0.5 hr 1.5 hrs 2.7 hr 4.5 hrs 

None 5+ 4+ 4+ 0 
Glucose, 0.02 m 5+ 5+ 1+ 2+ 
0.001 m cyanide 1+ 0 
Cyanide + glucose 5+ 5+ 54 0) 
0.01 m malonate 1+ 0 
Malonate + glucose 54 1+ 3+ Few motile 
0.02 m benzoate 2 44 14 0 
Benzoate + glucose 5+ 44 Q4 0 


possibility that fumarate does not penetrate the sperm has not been 
eliminated. 

Both Cu** and Co** were detrimental to sperm motility at levels which 
did not inhibit respiration 

SUMMARY 

The reversibility of the effects of several metabolic inhibitors on sperm 
respiration and motility was studied and the following results obtained. 

1. Malonate, benzoate, fluoride, and hydroquinone inhibited the respira- 
tion and motility of ejaculated bull spermatozoa. The inhibition of both 
respiration and motility was largely reversible. Hydroxyquinoline sulfate 
reversibly inhibited oxygen consumption, but had no effect on motility at 
the concentrations studied. 

2. Indole, maleate, selenite, arsenite, dl-glyceraldehyde, and quinone 
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inhibited both respiration and motility. The effects were irreversible 
except that inhibition of motility by maleate was reversible in the presence 


of glucose. 

3. Cyanide and azide inhibited sperm respiration, indicating the im- 
portance of the cytochrome system in the respiration of these cells. The 
inhibition by cyanide was completely reversible, that by azide only par- 
tially reversible. Azide depressed motility and the effect was more marked 
in the presence of glucose. : 

t. Malonate, cyanide, and benzoate inhibited motility in the absence of 
glucose but were relatively non-toxic in the presence of glucose. This is 
taken as further evidence for the ability of two separate metabolic processes, 
i.e. oxidative and glycolytic, to furnish energy for motility of bull sperma- 
tozoa. 

5. Exposure of a specimen of bull spermatozoa, with a characteristic low 
endogenous respiration, to 0.00025 m p-phenylenediamine for 30 minutes 
increased the endogenous respiration 6-fold. This phenomenon may be 
related to differences in metabolism between epididymal and ejaculated 
spermatozoa. 
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INHIBITION OF SPERM GLYCOLYSIS AND REVERSIBILITY 
OF THE EFFECTS OF METABOLIC INHIBITORS* 
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In continuing the work on reversibility of inhibitors it was of importance 
to study inhibition and reversibility of glycolysis, since the latter process 
has been shown to be the preferential source of energy for sperm motility (1). 

The methods employed were the same as in the preceding paper (2). 
Lactic acid was determined by the method of Barker and Summerson (3). 
The lactic acid content of an aliquot of the suspension of washed sperma- 
tozoa at zero time was subtracted from that present in the various flasks at 
the end of the experimental period to obtain the amount of lactic acid pro- 
duced. Lactic acid production was expressed as the equivalent of CO, it 
would displace from a bicarbonate buffer (4.02 y of lactic acid = 1 e.mm. 
of COz), as described previously (4). 

Reversibility of inhibition was studied as previously described (2). An 
aliquot of the sperm suspension was treated with the inhibitor and held at 
room temperature for a given period of time. A second or control aliquot 
without added inhibitor was likewise held. The specimens were then 
centrifuged and the spermatozoa were suspended in fresh media. The 
lactic acid production by aliquots of these suspensions was then studied to 
determine (1) the effect of the inhibitor substance on glycolysis, (2) the 
reversibility of the effect, and (3) the effect of the inhibitor after prolonged 
contact with the spermatozoa. Glucose in a final concentration of 0.02 m 
was used as the substrate in all experiments. 


Results 

The effect of various inhibitors on glycolysis of washed bull spermatozoa 
and the reversibility of these effects are shown in Table I. 

Malonate and benzoate were almost completely without effect on sperm 
glycolysis. The very slight inhibition of lactic acid production in their 
presence was completely reversed when the spermatozoa were freed from 
the inhibitor by centrifuging and suspended in fresh Ringer-phosphate 
solution. The lack of effect on glycolysis is in agreement with the observa- 


* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. Supported in part by a grant from the Wisconsin Alumni 
Research Foundation. 
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tion that these substances do not appreciably inhibit motility of sperma- 
tozoa in the presence of glucose (2). 

Cyanide likewise did not inhibit glycolysis and, as shown in the preceding 
paper, it does not inhibit motility in the presence of glucose. The tre- 
mendous stimulation (90 per cent) of glycolysis in the presence of cyanide 
was completely reversible. 

Azide, a respiratory inhibitor which has been considered to be similar in 
action to cyanide, greatly inhibited glycolysis. The effect was almost 
entirely reversible. 


TABLE | 
Effect of Inhibitors on Glycolysis of Ejaculated Bovine Spermatozoa 


Zi 
: I'reated with 
Inhibitor Concentra Time of Untreated inhibitor and 
tion treatment removed 
1 No . . 
tro) | Inhibitor |; . 5 Inhibitor 
Control in flask yey in flask 
w min 
Malonate 0.01 39 17.9 16.7 17.9 
Benzoate 0.01 45 21.5 18.2 23.0 17.7 
Cyanide 0.001 45 20.8 39.8 21.7 40.7 
Azide 0.001 40 20.8 6.8 18.2 5.7 
Maleate 0.005 50 21.5 29.2 39.5 28.2 
Iodoacetate 0.0001 40 21.5 1.8 3.8 0.7 
Quinone 0.00025 35 11.2 0.0 11.1 0.4 
Hydroquinone 0.00025 35 11.2 17.7 15.2 20.8 
dl-Glyceraldehyde 0.02 30 17.0 8.5 0.0 3.9 
Fluoride 0.01 39 17.9 0.0 13.1 0.0 
™ + high Mg*** 0.01 39 20.4 0.0 10.0 0.0 


* Mg** = 0.0063 m; normal Ringer-phosphate solution contains 0.0012 m 


The effect of maleate was unique in that it stimulated sperm glycolysis 
and the stimulation was increased by transfer of the sperm to a fresh 
medium. In these glycolysis experiments (in which glucose was present) 
the inhibition of sperm motility by maleate was largely reversible. In the 
presence of maleate and glucose an energy-yielding process was functioning 
but apparently the inhibitor prevented utilization of the energy or pre- 
vented coupling the glycolytic process with motility. To check these 
possibilities phosphate partition studies were made. It was found that in 
spermatozoa stored in 0.01 mM maleate the adenosine triphosphate content 
remained at the original level, while it decreased during storage in the con- 
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trol samples. Apparently maleate inactivates spermatozoa by preventing 
the utilization of the phosphate energy store. 

lodoacetate at a concentration of 0.0001 m inhibited sperm glycolysis 92 
per cent and the inhibition was almost completely irreversible. In a more 
detailed study of the effect of iodoacetate on bull spermatozoa it was found 
that higher concentrations of iodoacetate completely inhibited lactic acid 
production (5). 

Inhibition of glycolysis by 0.00025 m quinone was complete and re- 
versible. The reversibility of its effect on glycolysis is in sharp contrast to 
its effect on motility and respiration. Hydroquinone stimulated glycolysis, 
an effect which persisted even after transfer of the spermatozoa to fresh 
media. 

dl-Glyceraldehyde—Inhibition of tumor glycolysis by dl-glyceraldehyde 
was discovered by Mendel (6). Extensive studies at Cambridge and in 


TaB_e II 
Effect of Pyrwate on Fluoride Inhibition of Sperm Glycolysis 


._* hh , 
Sperm suspension in Ringer-phosphate-glucose plus Zi — at 
None 23.6 44+ 
0.02 mm pyruvate per ml. 27.4 4+ 
0.01 ‘* fluoride ‘“ “ 6.3 0 
0.02 ‘“* pyruvate + 0.01 mm fluoride per ml. 23.0 0 


* Corrected for lactic acid content of each respective sample at zero time. Dif- 
ferent zero time values were obtained, depending on the presence or absence of 
pyruvate (3). 


other laboratories have shown that it is glucose breakdown which is in- 
hibited by monomeric glyceraldehyde, while lactic acid formation from 
glycogen is not affected. The exact mechanism of the inhibition is not 
known but apparently glyceraldehyde prevents the phosphorylation of 
glucose by hexokinase (7). 

Monomeric glyceraldehyde inhibited lactic acid production from glucose 
(Table I) and the inhibition was completely irreversible. 

Fluoride—Inhibition of sperm glycolysis by 0.01 m fluoride was complete 
and in ordinary Ringer-phosphate solution was largely reversible. Ac- 
cording to recent work by Warburg and Christian (8) fluoride inhibits 
enolase through the formation of a fluoride-magnesium-phosphate complex 
which combines with the enzyme. In agreement with this is the observa- 
tion that increasing the Mg*+ content of the medium decreased the re- 
versibility of the fluoride inhibition (Table I). 

Further studies on the reversibility of motility following fluoride treat- 
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ment were made. It was found that motility could be revived after 
storage for } to 1 hour at 37° in the presence of 0.01 m fluoride but after 1} 
hours storage no motility was observed when the spermatozoa were trans- 
ferred to new Ringer-phosphate solution. When bull spermatozoa were 
stored in yolk-buffer (9) at 10°, they could be almost completely inac- 
tivated by fluoride for periods up to 176 hours and following transfer to 
fresh, fluoride-free, yolk-buffer vigorous motility was resumed. Not all 
specimens could be revived after prolonged inhibition. 

Fluoride inhibition of glycolysis was relieved by the addition of pyruvate, 
as shown in Table II. However, pyruvate was ineffective in restoring 
motility after fluoride inhibition. 


DISCUSSION 


The study of the inhibition of various phases of sperm metabolism has 
vielded several interesting observations. The effect of some inhibitors 
(malonate and benzoate) on motility could be explained completely by 
their inhibition of respiration. These substances inhibited motility only 
when oxidation of endogenous substrates was the sole source of energy for 
motility. When glucose was supplied, motility was not inhibited by 
malonate, benzoate, or cyanide and these substances were shown not to 
inhibit glycolysis. Maleate and hydroquinone at the levels employed 
apparently inhibited sperm motility by some mechanism other than specific 
inhibition of respiration. Both of these substances inhibited respiration 
and motility but stimulated glycolysis. Some evidence was obtained that 
maleate prevented utilization of phosphate energy stores. If this were the 
only action of maleate, one would expect a decrease in rate of glycolysis as 
a result of a lack of phosphate acceptors. 

The stimulation of glycolysis which oecurs when oxidation is inhibited by 
cyanide and maleate might be explained on the basis of the Pasteur effect. 
Cyanide inhibition of sperm respiration was reversible, as was its stimu- 
lating effect on glycolysis. Maleate inhibition of sperm respiration was 
irreversible and the stimulation of glycolysis by maleate persisted even 
after the spermatozoa were removed from the inhibitor and placed in fresh 
media. However, some specimens of normal ejaculated bull spermatozoa 
do not produce appreciably more lactic acid under anaerobic conditions 
than they do in air (5).'. Furthermore, malonate and benzoate inhibited 
respiration but did not influence glycolysis. If the effect of cyanide and 
maleate is a result of the Pasteur effect, these inhibitors must release a 
mechanism not active in ejaculated spermatozoa under ordinary conditions. 

With regard to the action of fluoride the metabolism of spermatozoa 
resembles that of kidney extract more closely than that of yeast. In yeast 
the oxidation of phosphoglyceraldehyde to phosphoglyceric acid is coupled 


! Lardy, H. A., and Phillips, P. H., unpublished data, 
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with phosphorylation (1 ,3-diphosphoglyceric acid is the intermediate con- 
taining a high energy phosphate bond). Colowick et al. (10) were unable 
to demonstrate phosphorylation of glucose by kidney extract during the 
breakdown of hexose diphosphate in the presence of pyruvate and fluoride. 
In our experiments on pyruvate reversal of fluoride inhibition, lactic acid 
was produced, indicating that pyruvate was reduced during oxidation of 
phosphoglyceraldehyde; yet this oxidation did not furnish energy for 
motility. It is possible that the energy of this oxidation in spermatozoa 
is coupled with phosphorylation and that fluoride inhibits motility by some 
non-specific effect. 
SUMMARY 

The effects of several metabolic inhibitors on glycolysis of ejaculated 
bovine spermatozoa were studied with the following results. 

1. Malonate and benzoate at concentrations of 0.01 m did not appre- 
ciably inhibit sperm glycolysis. 

2. Cyanide, maleate, and hydroquinone stimulated glycolysis. The 
effect of cyanide was reversible, as was its effect on respiration, while the 
stimulating effect of maleate and hydroquinone on sperm glycolysis was 
not reversible. 

3. Quinone at 0.00025 m completely inhibited lactic acid production. 
This effect was completely reversible and in contrast to its irreversible in- 
hibition of respiration and motility. 

4. Fluoride (0.01 mM) completely and reversibly inhibited glycolysis. 
Increasing the Mg** content of the suspension medium decreased the 
reversibility of fluoride inhibition. Pyruvate reversed fluoride inhibition 
of glycolysis but was ineffective in relieving fluoride inhibition of motility. 
In volk-buffer some specimens of bull spermatozoa could be almost com- 
pletely inactivated by fluoride for several days and upon transfer to fresh 
yolk-buffer vigorous motility was regained. 

5. Inhibition by azide of sperm glycolysis was almost completely re- 
versible. Inhibitions by iodoacetate and dl-glyceraldehyde were irre- 
versible. 
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Although a wide variety of biological agents has been credited with the 
ability to fix molecular nitrogen, definite fixation has been established 
only for Azotobacter, Clostridium pasteurianum, certain blue-green algae, 
and Rhizobium sp. in association with leguminous plants. Among other 
agents for which nitrogen fixation is claimed are germinating pea seeds 
(1), willow cuttings (2), non-leguminous plants (3), fungi (4), Actinomyces 
(5), veasts (6), sterile soil (7), wheat rust (8), free living Rhizobium (9), 
excised root nodules with added oxalacetic acid (10), and cell-free prepara- 
tions of Azotobacter (11). The data in support, however, are seldom con- 
vincing, and in a number of cases attempts by other workers to confirm 
the observations have failed (12-14). 

Positive claims of nitrogen fixation have generally been based upon 
analyses for total nitrogen by the Kjeldahl method, a method which is 
not always reliable when used to detect small increases in the nitrogen 
content of materials initially high in nitrogen (12, 15). As the use of 
isotopic nitrogen to establish nitrogen fixation is not subject to the limita- 
tions of the Kjeldahl method (16-18), it has been applied for tests of a 
number of biological agents alleged to fix molecular nitrogen. The results 
with barley and the root nodule organisms associated with and in the ab- 
sence of leguminous plants have been reported in previous publications 
(17, 18). 


Methods 


All experiments except those with excised nodules and nodulated roots 
were conducted aseptically. Fig. 1 shows the apparatus used in most tests. 
The culture vessels of 20 and 125 ml. (illustrated) capacity are similar to 
Warburg flasks but are provided with indents in a straight neck designed 
so as to retain a cotton plug. These vessels are equipped with inter- 
connecting side arms which can be used singly or in pairs; the side arms 
can be rotated to pour solutions from one side arm to the other or from the 
side arms to the main vessel. They are replaced with solid 14/20 standard 


* This work was aided by grants from the Rockefeller Foundation and from the 
Wisconsin Alumni Research Foundation. 
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taper plugs when delayed addition of solutions is unnecessary. The culture 
vessels are attached by 24/40 standard taper joints to a six place manifold 
(a three place manifold is attached in parallel to the manifold illustrated). 
A gas sampler containing 1 ml. of KOH solution (60 per cent) and ap- 
proximately 150 mg. of dry pyrogallol in separate sacs is attached to the 
top of the manifold. The reservoir of gas to be added is connected at 
Stop-cock A, and the entire system, exclusive of the 2 liter bulb, is evacu- 
ated through Stop-cock B with a Hyvac pump. Gases are added through 
Stop-cock A to the proper level, as indicated by the mercury manometer. 
The manometer is connected to the manifold through a dry ice freezing 
trap, which prevents mercury vapor from entering the culture vessels. 
After gases are added, the gas sampler is removed, and the KOH and 
pyrogallol mixed to absorb Os; the Ne remaining is analyzed to determine 
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Fic. 1. Apparatus for testing nitrogen fixation by biological agents 


the concentration of N™ supplied in a particular experiment. The 2 liter 
bulb, previously filled with oxygen to the final pressure anticipated for the 
main system, is then opened to the manifold. Carbon dioxide produced in 
the culture vessels is absorbed by 60 per cent KOH solution in the center 
wells; hence as O: is respired, it is replaced by O, from the 2 liter reservoir. 
The 20 em. section of capillary tubing (1 mm. bore), connecting the oxygen 
reservoir to the manifold, limits back diffusion of gases into the reservoir. 
The culture vessels are immersed in a water bath maintained at the desired 
constant temperature. After incubation the cultures are harvested and 
digested in 100 ml. Kjeldahl flasks, with copper selenite and potassium 
permanganate for catalysts. The ammonia in the digest is distilled into 
dilute sulfuric acid and the ammonium sulfate nitrogen converted to 
molecular nitrogen with alkaline hypobromite, as described by Ritten- 
berg et al. (19). 
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The precision of the mass spectrometers employed, Bleakney (20) and 
Nier (21) type instruments, is about 0.02 atom per cent N®. Although 
the over-all accuracy of the various manipulations is somewhat less,' 
a fixation of N» containing 34 atom per cent excess N“ should be detected 
even with a 1000-fold dilution of the fixed nitrogen by normal nitrogen 
already present in the biological agent. 

Molecular nitrogen is conveniently prepared from ammonium salts by 
freeing ammonia with alkali and circulating the ammonia gas over hot 
copper oxide (dull red heat) by means of a Toepler pump. Care must be 
exercised in the preparation of the nitrogen gas to rid it of all traces of 
ammonia and oxides of nitrogen. By adding oxygen to the nitrogen any 
nitric oxide present will form higher oxides which can be readily frozen 
out in a liquid air trap. To displace the gas into culture vessels 20 per cent 
sodium sulfate in 5 per cent sulfuric acid serves as a suitable confining 
liquid. After some of this solution is admitted into the gas storage bulb, 
shaking will remove any trace of ammonia that has eseaped the freez- 


ing trap. 
Tests on Biological Agents Known to Fix Free Nitrogen 


The reliability of the isotopic method for detection of nitrogen fixation 
was readily demonstrated in trials with organisms whose ability to fix 
elemental nitrogen is well established. Typical results with these agents 
are given. 

Azotobacter—A zotobacter vinelandii, grown for 33 hours at 30° in Burk’s 
(22) nitrogen-free medium in an atmosphere containing 28.0 atom per cent 
N*® excess nitrogen gas, fixed the isotupe rapidly. The final concentration 
of N® in the cells was 27.14 atom per cent excess. 

Algae—A pure culture of the blue-green alga Nostoc muscorum, kindly 
furnished by Dr. F. Ie. Allison, was grown for 8 days in Allison’s 0.5 per 


1A Nier (21) type mass spectrometer, constructed in the physics department of 
the University, has been used for most determinations. In his thesis, which is on 
file in the University Library, Eppling describes the construction and operation of 
the instrument in detail. An estimate of the over-all accuracy of the various pro- 
cedures employed was obtained by statistical treatment of the data from the air 
controls. According to Rittenberg et al. (19) the N“ content of such material should 
be 0.368 atom per cent. Pooling the air controls from all experiments and thus 
securing a population from diverse biological materials, we secured forty-two sepa- 
rate estimates of the normal N"™ content of such materials. The mean value was 
0.364 atom per cent; the standard deviation of the population was 0.0098 atom per 
cent. These values suggest that a single sample should exceed the air control by at 
least 0.04 to 0.05 atom per cent before fixation is indicated. The means of duplicate 
samples should differ by 0.03 atom per cent for significance. Similarly, if negative 
deviations equal to or exceeding these values are obtained, the various methods 
should be examined for sources of error. 
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cent sucrose medium for algae (23) at a temperature of 28° in an atmosphere 
containing 28.0 atom per cent N“ excess nitrogen gas. Under these con- 
ditions 7.64 atom per cent excess of N“ aceumulated in the cells. 

Clostridium pasteurtanum—Clostridium pasteurianum, Strain 5S of the 
Wisconsin collection (24), was grown from a spore stock through one trans- 
fer in a liver-sucrose medium. A 1 per cent inoculum was transferred to 
Burk’s (22) nitrogen-free sucrose medium to which 1 per cent of calcium 
carbonate was added. The culture flask was evacuated and 120 mm. of 
nitrogen gas of 34.0 atom per cent excess N added. After incubation 
for 36 hours at 30° the culture was digested and analyzed. The presence 
of 4.665 atom per cent N™ excess in the cells demonstrated active nitrogen 
fixation. 


Taste I 


Test of N® Fixation by Germinating Peas 


N® excess over air 
controls 


aiom per cenit 


Canada field peas, 15-16°, 15 days, 15.0 atom % N*® excess N, 
H.O 0.004 


0.37% MgSO, 0.004 

1.00% caffeine —0.019 
Surprise peas, 12-15°, 13 days, 34.0 atom % N*® excess N» 

H.O -0.005 

ee 0.002 

0.018% MgSO, 0.004 

0.009 


0.15% strychnine nitrate 


Tests on Biological Agents Alleged to Fix Free Nitrogen 


Following these experiments, extensive tests were made on several 
biological agents whose ability to use free nitrogen has been claimed by 
one or more investigators but not confirmed by others. 

Germinating Peas—Canada field peas and Surprise peas, made bacteria- 
free with 70 per cent alcohol followed by calcium hypochlorite solution, 
were germinated in an atmosphere containing oxygen and N"-enriched 
nitrogen gas (unless otherwise noted 32 to 34 atom per cent N™ excess gas 
was supplied in all experiments). Conditions which Vita (1) deseribed 
as favorable for nitrogen fixation, 7.c’ a temperature of 10-15° and ger- 
mination in solutions of magnesium sulfate, caffeine, or strychnine, were 
employed. The peas germinated well and formed shoots several em. long. 
The data in Table I show no increases in N“ exceeding the experimental 
error of the analysis. Data in Tables I to IV are reported as atom per cent 
N" excess over the N” content of air controls. 
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Free Living Rhizobium—Rhizobium trifolii, Wisconsin Strain 205, was 
grown for 3 days at 28° in Allison’s (25) medium containing biotin con- 
centrate, 0.5 per cent sucrose, and 0.02 per cent ammonium chloride (Ex- 
periment 1, Table II). The cells were removed from the medium by 
centrifugation, washed once, and resuspended in sterile Allison’s medium 
which was complete except for combined nitrogen. ‘The atmosphere con- 
taining N™ excess molecular nitrogen was added, and oxygen was supplied 
as needed. After 10 days incubation the culture was digested and 
analyzed. In Experiment 2 three species of Rhizobium were tested as 
described except that the cultures were grown for only 26 hours before 
being washed and placed under N*™ for 5 days at 28°. Extracts from tops 


TaBLe Il 
Test of N* Fixation by Free Living Rhizobium 
Experi- N® excess 
ment Conditions over air 
No. | controls 
atom 

| per cent 
l 23°, 10 days, 34.0 | R. trifolii 205 | 0.010 

atom % Nex | 

cess N: 
2 28°, 5 days, 32.0 | “ meliloti 100 —0.006 
atom % N'ex- |“ trifolii 205 0.001 
cess N» *€  leguminosarum 302 0.016 
tm = = 302 + pea root extract 0.007 
*.. B se « 302+ “ top “ 0.006 
3 | 21°, 2days, 25.0 | “ “ 302 0.001 
| atom % N' ri - 302 + adenosine triphos- —0.001 

excess N» phate 
R. leguminosarum 302 + denodulated pea 0.001 
roots 





and roots of the pea plant were added to Rhizobium leguminosarum, the 
specific organism for this legume. The cells used in Experiment 3 were 
cultured as in Experiment 2. No increase in N™, beyond the experimental 
error, was observed in any experiment. 

Cell-F ree Preparations from Azotobacter —A zotobacter vinelandii was grown 
in liquid culture, and cell-free preparations were made as described by Lee, 
Burris, and Wilson (26). A preparation, which had been filtered through 
a Berkefeld N filter and which showed no growth when added to Burk’s 
(22) nitrogen-free medium, was supplied with 6.4 atom per cent N™ excess 
nitrogen gas and oxygen. After 9 hours incubation at 25° the material was 
digested and analyzed. As shown in Table IIT, Experiment 1, no evidence 
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of nitrogen fixation beyond the experimental error of the analysis was ob- 
tained. In Experiment 2, several substrates were supplied in an effort 
to induce fixation by the enzyme preparation. In each instance 10 mg. 
of substrate in | ml. of water were added from the side arm to 4 ml. of a 
cell-free preparation which had been made from a 22 hour culture of Azoto- 
bacter vinelandii. None of the compounds tested, either alone or a mixture, 
induced detectable fixation during the incubation period of 24 hours at 
25° in 20.0 atom per cent N™ excess Ne (Experiment 2, Table II1). 

Excised Nodules—Nodules from leguminous plants vigorously fixing 
nitrogen were removed, rinsed in cold water, immediately placed in flasks 
containing neutral sodium oxalacetate, sodium a-ketoglutarate, sodium 
succinate, plant sap, or water, and supplied an atmosphere containing 
oxygen and N-enriched molecular nitrogen. After incubation, the entire 


TABLe III 


Test of N™ Fixation by Cell-Free Pre parations of Azotobacter vinelandii 


Experi N®§ excess 
ment Condition Substrate added over air 
No controls 

alom 
per cent 
] 25°, 9 hrs., 6.4 atom None 0.002 
q N® excess N» 
2 25°, 24 hrs., 20.0 atom = a-Ketoglutarate 0.005 
% N™ excess Ny Glucose 0.007 
Hexose diphosphate 0.004 
Adenosine triphosphate -0.004 
2 mg. each of above and 2 mg. oxalace- | —0.003 


tate 


flask content was digested and the nitrogen converted to the molecular 
form for analysis. 

Examination of Table IV shows that the results for fixation by excised 
nodules are erratic, and that the occasional occurrence of fixation cannot 
be associated definitely with the presence of a particular substrate. 
Whereas in one experiment succinate and a-ketoglutarate may appear to 
favor fixation, in another experiment oxalacetate may assume this rdle. 
Such inconsistency might arise from (a) fixation supported by some es- 
sential substrate derived from the host plant whose normal concentration 
in the nodules is low and variable, or from (b) fixation by non-symbiotic 
nitrogen-fixing organisms appearing as contaminants. The latter must 
certainly be considered as a possible explanation, for unlike the other tests, 
these experiments were not conducted aseptically. The crucial experi- 
ments on excised nodules will have to be performed on nodules grown and 


removed under bacteriologically controlled conditions. 
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Excised Nodulated Roots—Whereas evidence of fixation was obtained 
only occasionally with excised nodules, the excised nodulated roots, i.e. 
entire root systems bearing their nodules, consistently fixed small but 
readily detected quantitites of N“ (Table IV). These results suggest that 
the root system contains some substance, probably formed in the tops, 
which is essential for fixation in the nodule and that enough remains in 


TasBie LV 
Test of N** Fixation by Excised Nodules and Nodulated Roots 
The values are expressed as atom per cent N" excess over air controls. 


| 


—t ie Nu Substrate added 
ment a. bation — , | 
No. time | supplied H:0 se. _ Succinate 
°( ee alom atom atom alom alom 
per cent | per cent per cent per cent per cent 
Cow-pea nodules 1 25 | 24 6.4 —0.021, —0.009 | 0.000 | 
2 24 24 | 32.0 | 0.026 —0.013 | 0.011 | —0.033 
Soy bean “ 3 | 8 | 2 6.4 |—0.004) —0.013 | 
1 | 24 | 24 | 32.0 |-0.032 | 0.490 | —0.002 
Canada field pea 5* | 28 26 6.4 0.001 | —0.001 
nodules 6 12 70 | 34.0 0.057 | —0.003 | 0.113 
7 2 | 50 34.0 —0.014 | —0.009 | —0.015 
8 28 24 | 34.0 0.051 | —0.031 | 0.002 
9 | 19 | 27 | 34.0 —0.034 | | —0.010 


0 0.007, —0.007 0.155 
0 0.036, 0.014 0.004 
0.037 0.001 0.004 
Canada field pea 12 21 24 34.0 0.076 0.011 0.161 
nodulated roots 13 19 24 34.0 0.266, 0.429) 0.184 

24 32.0 0.412 

roots 
Soy bean nodu-) 15 | 24 24 | 32.0 | 0.577 0.593 | 


lated roots 


Cow-pea nodulated, 14 24 


* When pea top sap was supplied as substrate, the nodules contained 0.005 atom 
per cent N' excess. 

t Values of 0.026, 0.001, and 0.035 atom per cent N™ excess were obtained with 
added adenosine triphosphate, added calcium hexose diphosphate, and with high 
oxygen tension (pO, = 0.80 atmosphere), respectively. 


the root system to support fixation for a short time after the roots and tops 
are separated. 
DISCUSSION 
Azotobacter vinelandii, Nostoc muscorum, Clostridium pasteurianum, and 


inoculated clover plants (17) accumulate high levels of N® when molecular 
nitrogen enriched with N® is supplied. Such results are to be expected, 
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for the nitrogen-fixing capacity of these organisms is well established, 
Among other biological agents tested, only excised nodulated roots have 
consistently given positive evidence of N® fixation. Less frequently 
excised nodules also fixed N™, but in both cases the possibility of asym- 
biotic nitrogen fixation was not excluded. Final decision must await 
tests made under more rigidly controlled conditions. Peas of two varieties, 
germinated under conditions described by Vita (1) as most favorable for 
fixation, failed to assimilate molecular nitrogen. Likewise, under the 
conditions tested to date, we have been unable to demonstrate fixation by 
free living species of the root nodule bacteria (Rhizobium) or by cell-free 
preparations of Azotobacter vinelandii. Because of the significance of the 
results with these two agents for the mechanism of the process, experi- 
ments will be continued in an effort to find conditions which will induce 
such fixation. As already reported (17) we have not succeeded in demon- 
strating fixation by barley plants or by clover in the absence of the specific 
organism, Rhizobium trifolit. 

Small apparent increases in nitrogen content have been cited as evidence 
for nitrogen fixation by such a variety of living agents that if all these 
reports were accepted it would lead to the conclusion that biological nitro- 
gen fixation is a wide-spread phenomenon in nature. Application of the 
N® isotope provides an approach to the problem analogous to the use of 
radioactive and stable isotopes of carbon for detecting carbon dioxide 
fixation. Whereas tests with isotopes have revealed hitherto unsuspected 
examples of carbon dioxide fixation and have suggested that living cells in 
general are able to fix carbon dioxide, this ubiquity has not been evident 
with nitrogen fixation. The well established nitrogen fixers assimilate 
high, easily detected, concentrations of molecular N“, but except for 
excised nodules none of the ‘“questionable’”’ agents has fixed N' beyond the 
experimental error of the sensitive isotope method. The evidence sug- 
gests that the ability to fix molecular nitrogen is very restricted in nature. 
It appears desirable that future claims of biological nitrogen fixation in- 
volving but small increases of nitrogen content should be accompanied, 
whenever possible, by evidence that the agent in question will assimilate 
N"® supplied as molecular nitrogen. 


SUMMARY 


Since the fixation of molecular N™ is a much more sensitive and reliable 


index of nitrogen fixation than is total nitrogen analysis, the isotope method 
has been used to test a variety of biological agents for their ability to as- 
similate free nitrogen. ‘The method is especially useful for nitrogen fixa- 
tion experiments with media or materials initially high in nitrogen. 

The free living nitrogen-fixing bacterium, Azotobacter vinelandii, the blue- 
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green alga, Nostoc muscorum, the anaerobic bacterium, Clostridium pas- 
teurtianum, and inoculated red clover plants, which are known to fix molec- 
ular nitrogen, assimilated 100 to 1000 times the quantity of molecular 
N” necessary for detection. 

Claims have been made that germinating peas, excised root nodules 
from leguminous plants, free living Rhizobium, and cell-free preparations 
of Azotobacter can fix molecular nitrogen, but these claims have not as yet 
been confirmed. Under the conditions employed, fixation of molecular N™ 
exceeding the experimental error of the sensitive isotope method was ob- 
tained only with excised nodules, and with these the possibility of non- 
symbiotic fixation was not excluded. Fixation was consistently obtained 
with excised nodulated roots of the pea plant. 

It is concluded that the ability to use molecular nitrogen is limited to a 
few organisms. 
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THE EXCRETION OF ASCORBIC ACID, THIAMINE, RIBOFLA- 
VIN, AND PANTOTHENIC ACID IN SWEAT 


By DAVID M. TENNENT ano ROBERT H. SILBER 


(From the Merck Institute for Therapeutic Research, Rahway, New Jersey) 


(Received for publication, March 10, 1943) 


In studies of human nutrition under tropical conditions it is important 
to consider the loss of vitamins in sweat. Bock and Dill (1) have shown 
that a man may lose 20 pounds of sweat in walking 32 kilometers in 7 
hours at a shade temperature of 40°. If vitamins are excreted to any extent 
in the sweat, it is evident that such a loss may have serious consequences. 
The amounts of ascorbic acid and of thiamine in sweat have been deter- 
mined by several investigators. The ascorbic acid content of human 
sweat was found by Bernstein (2) to vary from 0.5 to 1.1 mg. per cent, by 
Cornbleet, Klein, and Pace (3) from 0.55 and 0.64 mg. per cent, by Wright 
and MacLenathen (4) from 0.024 to 0.186 mg. per cent, and by Hardt and 
Still (5) from 0.18 mg. per cent in subjects who were given no ascorbic acid 
to 0.47 mg. per cent in subjects given 750 mg. of ascorbic acid. In thermal 
sweat Slater (6) found 0 to 7 y of thiamine per liter, and Hardt and Still 
(5) found 1.5 y per ml. in a pooled sample from four subjects, one of whom 
took 50 mg. of thiamine 1 hour before sweating. In sweat induced by 
exercise Hardt and Still (5) found averages of 83 and 90 y of thiamine per 
liter from subjects who took no thiamine and averages of 445 and 4540 y 
per liter, depending upon the procedure used, from subjects who took 50 
mg. of thiamine orally. 

Since the results obtained by previous investigators are not in agreement, 
further investigation of this problem seemed desirable and controlled ex- 
periments along these lines were undertaken in this laboratory. Thermal 
sweat and sweat induced by exercise were analyzed for ascorbic acid, thi- 
amine, riboflavin, and pantothenic acid in human subjects with and without 
previous vitamin dosage. For the purpose of comparison the amounts of 
thiamine, riboflavin, and pantothenic acid excreted in the urine during 
the period of sweat collection were also determined. 


Methods 
Analyses of the sweat and urine samples were begun immediately after 
sweat collection, since it was found that samples which were allowed to 
stand in the refrigerator occasionally developed changes in the thiamine, 
riboflavin, and pantothenic acid content. 
Ascorbic Acid and Dehydroascorbic Acid—¥or the determination of 
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ascorbic acid 20 ml. volumes of filtered sweat, collected in sulfuric acid as 
described under ‘‘Procedure,”’ were further acidified by the addition of 2 
ml. of N sulfurie acid and titrated with a 2,6-dichlorophenol indophenol 
solution, of which 1 ml. was equivalent to 20 ml. of a 0.1 mg. per cent 
solution of ascorbic acid. Dehydroascorbic acid was determined in ten 
of the experiments by the method of Roe and Hall (7). This method was 
made more sensitive by increasing the volume of the samples used from 3 
to 10 ml. 

Thiamine—For the determination of thiamine, 40 ml. of filtered acid 
sweat was adjusted to 0.1 N with N sulfurie acid, buffered to pH 4.4 by 
the addition of 2 ml. of 2.5 m sodium acetate solution, and put through base 
exchange columns containing Decalso. The thiamine was eluted from the 
columns with 25 per cent KCl in 0.1 N HCl. 5 ml. portions of the eluate 
were oxidized with 0.03 per cent potassium ferricyanide in 15 per cent 
sodium hydroxide, and the thiochrome was extracted with isobutanol. The 
fluorescence of the isobutanol solutions was read in a Pfaltz and Bauer 
fluorophotometer. For the determination of thiamine in urine, 5 ml. 
samples were acidified with 2.5 ml. of N sulfurie acid, buffered by the ad- 
dition of 1.25 ml. of 2.5 m sodium acetate solution, and diluted to 25 ml. 
Aliquots which contained approximately 5 y of thiamine were put through 
base exchange columns, eluted, and oxidized in the usual manner. 

Riboflavin and Pantothenic Acid—Riboflavin and pantothenic acid were 
determined by the methods of Snell and Strong (8) for riboflavin and of 
Pennington, Snell, and Williams (9) for pantothenic acid by the technique 
of Silber and Mushett (10). 

Procedure 

In these experiments both thermal sweat and sweat induced by exercise 
have been studied. The subjects were healthy young male volunteers. 
All of them remained on their normal diet, but a part of them was given 
supplementary vitamin doses in the study of each type of sweating, con- 
sisting of a total of 250 mg. of ascorbic acid, 50 mg. of calcium panto- 
thenate, 10 mg. of thiamine chloride, and 10 mg. of riboflavin daily in two 
oral doses during the week preceding sweat collection to insure maximal 
tissue levels of these vitamins. On the day of the experiment the dosed 
subjects took 1000 mg. of ascorbic acid and 50 mg. each of calcium panto- 
thenate, thiamine chloride, and riboflavin } hour before the beginning of 
the sweat collection. This time interval had been arrived at from two 
4 hour excretion experiments which are reported below. All subjects took 
200 ml. of water at this time. 

Each subject took a hot shower followed by a cool shower and emptied 
his bladder before entering the hot room. Sweating was induced in a 
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specially built insulated room in which the temperature and humidity could 
be maintained at any desired level. The subjects were unclothed for all 
of the experiments. For the collection of thermal sweat they stood in 
stainless steel pans at a temperature of 41.7—43.3° and a relative humidity 
of 60 to 70 per cent determined from sling psychrometer readings. For 
the collection of sweat induced by exercise they sawed wood at a tempera- 
ture of 31-34° and a relative humidity of 80 to 85 per cent. A copious 
flow of sweat usually began within 15 minutes. This was collected by con- 
tinuous sponging of the entire body with cellulose sponges! and delivered 


TABLE [ 


Thiamine, Riboflavin, and Pantothenic Acid Excreted in Four Hours* 


Sweat Urine 
Subject Time dake Total | Total | | ™ | Total | Total 
| paw [amine ge, | Rhea | Volume | utente] ibe: Ss 
ml. | Y Y | y ml. | Y | Y | Y 
iF | ft | | 110 | 106 | 550 | 1400 
Ist hr. | 98 | 1.9 | 3 | 40 | 133 | 245 | 3000 | 2700 
8rd hr. | 218 | 2.0 | 9 | 50 | 12 | 18 | 1000 | 1200 
ith 4 162 | 0.9 1 | 15 | 14 | 187 | 1300 | 1100 
5th } | 116 | 0.5 { 12 | 23 | 205 | 1800 | 1300 
6th4 “ | 120 | 0.7 | 10 12 | 19 | 192 | 1700 | 1000 
7th} “ 125 | 0.4 7 13 35 144 | 1200 700 
Sth 4 9% | 0.5 4 10 9% | 119 1000 | 850 
RHS + | | 66 38 200 | 700 
ist hr. 555 | 3.8 | 6 | 70 38 59 | 450 | 350 
Srdjhr. | 251 | 1.6] 2 | 18 | 0 | 
4th 4“ 262 | 1.6 | 2 7 ik 222 | 3000 | 2300 
5th 4“ 244 | 1.4 2 is 6 146 | 1500 | 1000 
6th} “ 238 | 1.4] 3 | 14 43 | 90 | 2200 | 520 
7th 4 “ 242 | 1.3 | 0 
Sth 3 “ 207 1.0 | a 0 | 


* No ascorbic acid was found. 

t 1 hour period for control urine. 
into two amber bottles, one of which contained 10 ml. of N sulfuric acid and 
the other toluene. Quantitative collection of the sweat was possible in this 
manner. ‘The acidified sweat was used for ascorbic acid and thiamine 
determinations and that collected under toluene was used for pantothenic 
acid and riboflavin determinations. At the end of an hour the experiment 
was stopped and the urine excreted during this time was taken for analysis. 

1 The sponges used were du Pont fine pore, cellulose film sponges, 3} X 5} X 13 
inches, which were cut in half. They were autoclaved and rinsed well with water 


before each experiment. 
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experiments were performed to determine the accuracy of the sweat 
collection technique. Neutral aqueous solutions of the vitamins were col- 
lected with a sponge, as in the sweat collection experiments, and delivered 
into acid and into toluene. When these solutions were analyzed for the 
vitamins, the recoveries were within the limits of error of the analytical 


methods. 


TABLE II 


Thiamine, Riboflavin, Pantothenic Acid, and Dehydroascorbic Acid Excreted in 1 Hour* 





Sweat Urine 
, on Total 
Sweat Subject Total | Total Total de Total Total Total 
Volume | thia ribo- ome hydro. ; Volume thia ribo _— 
mine flavin och ascorbic mine flavin acid 
acid 
ml. Y Y y | mg. ml. Y Y Y 

Thermal; MK 170 0.2 3 15 22 1.3 20 70 
subjects DT 370 0.3 11 15 21 1.5 3 35 
not dosed JG $23 0.2 13 30 31 2.0 13 80 
AS 146 0.2 13 18 103 1.6 140 390 
MA 0 = )=—COO8 20 15 1.2 26 0.6 20 52 
LH 657 2.5 10 13 | 0.4 26 1.0 34 44 
Thermal; ED 235 0.7 3 25 30 | 278 1900 | 2300 
subjects Wwo’s 50S 2.3 35 150 14 165 1500 1000 
dosed OG 300 | 2.2 3 15 17 50 2200 | 2200 
JH 165 | 0.8 2 25 85 | 296 2100 | 3000 
FC $27 0.9 15 10) 0 21 151 1100 | 1150 
WoO 748 1.8 1) 125 0 12 73 1200 9000 

HB 369 £3 6 110 
bhD 317 1.6 3 30 17 27 67 | 379 
LF 303 a 3 20 10 | 103 1800 | 920 
HLIx 392 2.1 ! 20) 106 179 2000 | 1250 
Exercise; DT 295 0.1 11 0 0 IS 1.9 22 72 
subjects RS 119 | 0.2 2 15 | 0 15 7.5 20 | 210 
not dosed Jk 216 0.4 Ss 20 0 16 0.1 7 80 
exercise; RS 131 Be 22 0.4 24 73 1500 | 1400 
subjects JF 107 = «<0..9 2 21 0.1 51. 108 820 1800 
dosed Wo'’s 213 1.2 2 50 Q.2 27 186 1780 | 2600 


° No ascorbic acid was found 


Experiments of 4 Hours Duration—With two subjects sweat samples were 
collected continuously for 4 hours to determine the time interval by which 
the administration of the massive vitamin dose should precede the begin- 
ning of the sweat collection. In these experiments the subjects were given 
daily doses in the same manner as the other subjects in this investigation, 
but they took the massive dose at the time that they entered the hot room 
instead of 4 hour before. During sweat collection they were allowed to 
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sit when they desired, and the temperature was reduced to 36.6° after 
copious sweat flow had started. They were given water ad libitum. The 
collection bottles were changed and urine samples were taken at the end 
of the Ist hour and at the end of each half hour thereafter. 

No ascorbic acid was found in any of the sweat samples. The analytical 
results for thiamine, riboflavin, and pantothenic acid are presented in 
Table I. The highest vitamin excretion was found during the first 14 
hours. For this reason the massive doses were given to the subjects 4 
hour before the beginning of the 1 hour experiments. 

Two other experiments of 4 hours duration were performed which 
were designed to show whether the vitamin excretion in sweat is a function 
of the total volume of sweat or of the length of time during which sweating 
occurred; the results were inconclusive and failed to indicate a definite 
role of either of these two factors. 

Experiments of 1 Hour Duration—Sweat was collected over a period of 
| hour in twenty-two experiments. The results of the analyses of the 
sweat and urine samples are presented in Table II. Thermal sweat was 
collected from sixteen subjects, of whom six did not receive vitamin dosage. 
The others were dosed as described above with the exception of subjects 
HB and ED who took the daily doses but not the massive doses and of 
subjects LF and HK who took the massive doses but not the daily doses. 
Two subjects, MA and LH, were Negroes. 

Sweat induced by exercise was collected from six subjects of whom 
three were dosed and three were not. 

DISCUSSION 

The amounts of thiamine, riboflavin, and pantothenic acid found in 
thermal sweat were not significantly different from those found in sweat 
induced by exercise. Dosed subjects excreted more thiamine and panto- 
thenic acid in sweat than those who were not, but the amounts were of the 
same order of magnitude and the ranges of the values overlapped. There 
was no difference in the average riboflavin excretion in sweat of subjects 
receiving large doses of vitamin and those who did not. Much greater 
differences were found in the amounts excreted in the urine. Dosed sub- 
jects excreted 60, 50, and 10 times as much thiamine, riboflavin, and panto- 
thenic acid respectively as subjects.swho were not dosed, although the 
collection period did not include the peak of urinary excretion of these 
vitamins. From these results it appears that the losses of thiamine, ribo- 
flavin, and pantothenic acid in sweat are not greatly influenced by the 
amount of vitamin ingested. 

No ascorbic acid was found in any of the sweat samples. The average 
loss of dehydroascorbic acid from all subjects was 0.23 mg. Dehydroas- 
corbiec acid was found in thermal sweat from two Negro subjects who were 
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not dosed and in sweat induced by exercise from dosed subjects. No 
dehydroascorbic acid was found in thermal sweat from two dosed subjects, 
and none was found in sweat induced by exercise from subjects who were 
not dosed. ‘These differences cannot be considered significant, since the 
error in the determination of such low concentrations of this substance is 
large. ‘The results do show, however, that the amounts of dehydroascorbie 
acid lost in sweat are not great, and that excessive sweating is unlikely to 
induce a vitamin C deficiency if the dietary intake is adequate according 
to accepted standards.? 

The average hourly losses of thiamine, riboflavin, and pantothenic acid 
from subjects who did not receive the vitamin dosage were respectively 
0.5, 10, and 24 y and from dosed subjects 1.4, 10, and 50y. Ourstudies do 
not indicate that a thiamine deficiency can be caused by excessive sweating. 
Likewise, the amount of riboflavin excreted should not be enough to 
affect adversely a man whose dietary intake is adequate according to 
accepted standards.” 


SUMMARY 


Ascorbic acid, thiamine, riboflavin, and pantothenic acid have been 
determined in thermal sweat and in sweat induced by exercise of human 
subjects, with and without preceding administration of vitamins. The 
amounts of thiamine excreted were insignificant. No ascorbic acid was 
found, but dehydroascorbic acid was excreted to the extent of about 0.2 
mg. per hour. The average riboflavin excretion was 10 y per hour whether 
the subjects had been dosed or not. The average excretion of pantothenic 
acid was 24 y per hour for subjects who were not dosed and 50 y per hour 
for those who were. For comparative purposes the amounts of thiamine, 
riboflavin, and pantothenic acid excreted in urine were also determined. 
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Our work in the penicillin field was begun in December, 1941, with the 
primary objective of assisting in the isolation and synthesis of this interest- 
ing antibacterial product in order that it might be made more available 
for military medicine. However, from the very beginning of our experi- 
ments the antibacterial product obtained was not soluble in ether or amyl 
acetate and, therefore, ‘appeared to differ from penicillin. In a recent 
publication (1), a report was made on the preparation and some of the 
properties of this product which was provisionally called penicillin B to 
distinguish it from penicillin, the antibacterial substance which is soluble 
in organic solvents. 

In our first publication we referred to a report by Kocholaty (2)'in which 
he described briefly a product, penatin, which is similar in some respects 
to penicillin B and recently we have had the privilege of examining two 
additional manuscripts on penatin by the same investigator, one of which 
has been recently published (3). Since there are a few points of difference 
between Kocholaty’s results and our data, it is not certain that the products 
produced in the two laboratories are identical. 

After most of the work which is presented in a subsequent section of 
this report had been concluded, the November 28, 1942, issue of Nature 
containing a short paper by a group of British investigators (4) reached 
our library. In this publication they refer to a patent application (of 
which we were not aware) covering penicillin A, a product which they now 
name notatin, in order to obviate confusion with the penicillin which is 
soluble in organic solvents. Although in many respects notatin as well as 
penatin seems to be similar to our product, we shall in this manuscript, 
at least, continue to designate our product penicillin B. 

* The work described in this paper was done under a contract, recommended by 
the Committee on Medical Research, between the Office of Scientific Research and 
Development and the St. Louis University. 

t Lalor Foundation Fellow, 1942-43. 
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EXPERIMENTAL 


Preparation and Purification of Penicillin B—While the benzoic acid 
procedure for the preparation of penicillin B (1) is satisfactory, the use of 
acetone, Which may cause some denaturation of the product, is an undesir- 
able feature. In attempting to eliminate the use of organic solvents, 
we have devised a new method which is based upon the precipitation of 
the active substance by uranium acetate and its liberation.by phosphate. 

The entire process is carried out in the cold room (5°). The freshly 
harvested culture fluid (1) is filtered and for each liter 15 to 20 ml. of 1 per 
cent uranium acetate solution are added. The pH of the harvest varies 
between 3.5 and 3.9, which is about optimum for complete precipitation. 
The precipitated material is allowed to settle and is collected by centrif- 
ugation after the supernatant liquid has been siphoned off. It is washed 
once or twice with water and then extracted with a volume of 0.2 mM phos- 
phate buffei (pH 6.8) sufficient to give the mixture a creamy consistency. 
This mixture is allowed to stand for several hours before it is centrifuged. 
Two such extractions remove practically all of the antibacterial activity. 
Phosphate bufier of pH 4 to 4.5 does not remove the activity. 

The penicillin B is salted-out from the buffer solutions by means of 
ammonium sulfate. If the reaction is adjusted to about pH 4, 2 volumes 
of saturated (NH,4).5O0, solution are required. If no adjustment is made 

pH 6.5 to 6.8), 3 volumes are required. In the latter case the pH is 
lowered to about 5.5 by the addition of the salt. The precipitate is col- 
lected by centrifugation, dissolved in water, and, after dialyzing until 
sulfate-free, lyophilized. ‘The recovery of the activity is usually complete. 

The preparations which have been obtained by this procedure contain 
more nitrogen than those prepared by the benzoic acid method (14 per 
cent as compared to 10.5 per cent) and are more potent and more readily 
soluble in water. Products have been prepared which inhibit the growth 
of Staphylococcus aureus in dilutions greater than 1 part in 6 billion.' 

In addition to eliminating the use of an organic solvent, the uranium 
acetate procedure has the advantages of being less cumbersome and more 
economical than the benzoic acid procedure. The small uranium precipi- 
tates are easier to handle than the bulky benzoic acid adsorbate, especially 
when large volumes are processed. Since only 15 to 20 gm. of uranium 
acetate are required for 100 liters of medium, the cost is insignificant. 

Penicillin B may also be obtained from the culture media by adsorption 
on type C alumina gel and elution with 10 per cent (NH,4)250,. However, 

' The method of assaying antibacterial potency was the same as described in our 
previous publication (1) except that sterile 1 per cent peptone solution was sub- 
stituted for the diluent of the Clutterbuck medium. This change of solvent was 


found to stabilize very dilute solutions of penicillin B and prevent their inactivation. 




















VAN BRUGGEN, REITHEL, CAIN, KATZMAN, DOISY, MUIR, 367 
ROBERTS, GABY, HOMAN, JONES 


the amount of the adsorbent which is required makes this procedure 
impracticable. 

Further purification of crude products obtained by both the uranium 
acetate and benzoic acid methods may be accomplished by fractional 
salting-out with ammonium sulfate. In a typical experiment, 300 mg. 
of crude penicillin B were dissolved in 30 ml. of acetate buffer (pH 5.5, 
» = 0.1). After standing overnight at 0°, the small precipitate which had 
settled out was removed by centrifugation. Addition of (NH4)oSO, to 
25 and 50 per cent saturation produced precipitates which were inactive, 
but 75 per cent saturation precipitated nearly all of the active material. 
The utilization of this procedure resulted in some cases in the elimination 
of 75 per cent of the inactive solids and the retention of all of the anti- 
bacterial activity. The nitrogen values of the purified products, as de- 
termined by the Koch-McMeekin method (5), differed little from those 
of the starting materials. 

Some Properties of Penicillin B 

Electrophoretic Behavior—A potent sample of penicillin B which had not 
been fractionated with (NH4)sS8O,4 was subjected to a preliminary examina- 
tion in the ‘Tiselius apparatus.2. This experiment was carried out with 
a 1.5 per cent solution of penicillin B in phosphate buffer, pH 5.9, u = 0.096. 
After 3.5 hours the pattern consisted of a main peak with a small shoulder 
on the front. This was interpreted as indicating non-homogeneity and 
that the proteins present were similar in electrophoretic behavior. A more 
complete investigation is planned. 

Prosthetic Group—The absorption data of Coulthard et al. (4) as well as 
our own observations suggest that the active principle may be a flavo- 
protein. ‘The absorption spectrum maxima and minima obtained from a 
purified preparation of penicillin B dissolved in 0.2 mM phosphate buffer 
(pH 6.8) are given in Table I. All absorption measurements were made 
with a Beckman quartz spectrophotometer. 

It was found that the yellow color of penicillin B preparations could be 
separated from the protein-rest by several methods: extraction with 75 
per cent methanol (7), solution in 50 per cent saturated (NH4)oSO,; at pH 
0.6 at 5° (8), or dialysis against 0.1 nN HCl at 5° (6). Recombination of 
the vellow pigment and the protein failed to restore the activity. 

In order to characterize the prosthetic group the following experiment 


Was carried out. 1 gm. of purified penicillin B was repeatedly extracted 


2 The instrument used was manufactured by the Klett Manufacturing Company, 
Inc. We wish to thank Dr. C. F. Cori of the Department of Pharmacology of Wash- 


ington Universitv School of Medicine for the use of this instrument. 
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with 75 per cent methanol until the residue was colorless. The extracts 
were evaporated tn vacuo at 40°. The solid material obtained was extracted 
with absolute methanol until the extracts were colorless. On evaporation 
of the methanol, 38 mg. of a vellow solid were obtained. This material 
was extracted with 3.8 ml. of water; 0.2 ml. gave the lumiflavin test (9), 
The rest of the solution was acidified to Congo red with HNOs and the 
addition of a few drops of 30 per cent AgNO; caused a red-orange precipi- 


tate. According to Warburg and Christian (9), dinucleotides, but not 
mononucleotides, are precipitated by this treatment. The silver salt 
was decomposed with HS, yielding a vellow solution containing 2.2 mg, 


of solids. This material gave a positive Molisch, a positive Bial, and a 


TaBLe I 


Lig tbsorplior Vazrima and Minima of Penicillin B and Prosthetic Group of 
Pe nicillin B 


I ‘ B I Bp etic Fla der cleotide (¢ 
! ! gE" 
m _ a i Maxima E,”. Maxin lcm 
calculate 
! A 1 
520 1.0 1500) 71.4 1500 144 
3750 1.0 3740 64.4 3750 114 
2780 19.2 2640 230.3 2600 10 
P21) 207.9 
nima Minima Minima 
$120 0.74 1020 13.7 1000) S6. | 
200 cs 3050 Q 37 3050 19.7 
2500 11.0 2370 03.8 


positive murexide test, and contained 5.68 per cent phosphorus (10). 
The absorption spectrum maxima and minima are given in Table I. 

\ll the above data indicate that the prosthetic group is probably flavine 
adenine dinucleotide. Both the phosphorus content, 5.68 per cent as 
compared to 7.9 per cent for flavine adenine dinucleotide, and the absorp- 
tion data indicate that our final product was about 60 per cent pure. 
Further investigation of this aspect of the problem was not feasible 


> 


because of the large quantities of purified penicillin B necessary. 


Mode of Action of Penicillin B 
It was found that penicillin B possesses the ability to decolorize methylene 
blue anaerobically in the presence of d-glucose. The time of reduction was 


found to be inversely proportional to the concentration of penicillin B. 
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This dehydrogenase activity was destroyed by heating at 80° for 5 minutes 
but was not inhibited by KCN, NaF, or urethane. Preliminary attempts 
to utilize this reaction as a substitute for the bacterial assay of penicillin 
B have been inconclusive. 

The above findings indicated the probable enzymic nature of penicillin 
B and further experiments were carried out to elucidate this point. It 
was found that under aerobic conditions acid was produced in a sterile 
solution of d-glucose and penicillin B. 

It has been demonstrated, however, that the antibacterial activity of 
penicillin B cannot be accounted for on the basis of an alteration in the 
pH of the culture medium. Growth of Staphylococcus aureus F was 
demonstrated in a medium consisting of 1 per cent peptone, | per cent 
glucose, and 0.5 per cent NaCl with the pH adjusted to 5.2. Inhibitory 
amounts of penicillin B depressed this medium only from pH 6.5 to pH 
6.25 and quantities many times as great failed to increase the H ion 
concentration to a point which was incompatible with the growth of the 
organism. 

Several sugar derivatives, calcium gluconate, gluconic acid, glucuronic 
acid, mucic acid, and potassium acid saccharate were tested for anti- 
bacterial activity with negative results. Gluconic acid at a concentration 
of 1:1000 prevented the growth of Staphylococcus aureus F in a peptone- 
glucose medium. However, this concentration of the acid lowered the 
pH of the medium to a level at which the organism was unable to grow 
(pH 4.2) and thus no specific antibacterial property of the substance was 
demonstrable. 

Electrometric titrations of incubated sterile glucose-penicillin B solutions 
indicated the presence of a relatively strong acid. The production of 
acid from glucose, the marked enhancement of antibacterial activity of 
penicillin B by glucose, the marked diminution of potency of penicillin in 
the absence of oxygen, and the demonstration of the effect of serum on 
the antibacterial potency led to the speculation that the antibacterial 
activity of penicillin B is due to the production of hydrogen peroxide. 
However, before our experimental test of this idea was undertaken, Coul- 
thard et al. reported that notatin produces a mole of gluconic acid and a 
mole of H,O. from a mole of glucose and, consequently, if it turns out 
that notatin and penicillin B are identical, our experiments on this point 
confirm and extend the observations of the British investigators. 

Reaction Products of Penicillin B and Glucose—The optimum conditions 
for enzymic activity were studied by ascertaining the rate of production 
of acid and of hvdrogen peroxide. Acid was determined by titrating 5 ml. 
of the reaction mixture with 0.01 ~n NaOH. Hydrogen peroxide was 
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determined by the method described by Sumner (11) and residual glucose 
by the Shaffer-Somogyi (12) procedure. When varying amounts of 
penicillin B were allowed to react with 1 per cent glucose, for 1.5 hours at 
36° without aeration, results were obtained which are summarized in 
Table II. 

In another experiment a constant amount of penicillin 1 was used (0.1 
mg. per ml.) and the glucose concentration was varied. The mixture was 
allowed to react at 36° for 1.5 hours without aeration. The results are 
shown in Table II. 

The control of pH was shown to be important by an experiment in 
which it was found that the activity of penicillin B at a concentration 
of 0.1 mg. per ml. was inhibited below pH 5 and above pH 8, the substrate 


being 0.5 per cent glucose in a phosphate-buffered solution. 


Taste II 


EB} | ( j nq ¢ oncentration of Glucose and of hf nicillir B on Rate ol P? oduel onot 


) ae 
Peroxide 


( “ il 
- 2 
I I ( 
r , VaeS0 
10 sO { 6.2 
6.9 0.5 D.2 
0.1 2 2 () 5.6 
0.01 1.6 005 7 oS 
Oo OO ‘) ¢ 0.0] 1.S 
0.0001 0.3 0.005 com 
he oxygen supply was found to be very important. Aeration with 


oxygen of a solution containing | per cent glucose and 0.001 mg. per ml. of 


penicillin B produced more than twice as much HQ. in 5 hours as did a 


similar solution containing 0.1 mg. of penicillin B per ml. which was not 
aerated. The action of penicillin B upon glucose was not inhibited by 0.02 
per cent fluoride, cyanide, or urethane. Penicillin B at a concentration 
of 0.1 mg. per ml. caused oxidation of glucose (0.1 per cent) nearly as 
rapidly at 23° as at 36° but the action was appreciably slower at 52°. 
Heating for 5 minutes at 80° completely destroyed enzymic activity. 

In order to show the presence ol H.O. in the reaction mixture a solution 
ol nicillin B (O.1 mg. per ml.) and glucose (1 per cent) was allowed to 


react until titration of a 10 ml. aliquot required O) ml. of 0.005 N NaeSeOQs. 


At Is point a 10 ml. aliquot Was adjusted to pli 7 and a small amount of 
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crystalline catalase’ was added. The 1.4 ml. of gas evolved were analyzed 
in the apparatus of Scholander (13) and found to be Ov. 

The acid formed during the reaction was identified as follows: 1 gm. 
of glucose and 100 mg. of penicillin B were dissolved in 160 ml. of water 
and aerated with O2 in a constant temperature bath at 25° for 48 hours. 
At this time only a few mg. of glucose remained. The reaction mixture 
was evaporated to dryness in vacuo and extracted four times with 10 ml. of 
hot 95 per cent alcohol. Approximately 0.9 gm. of a solid acid having 
a melting point of 136° was obtained. The melting point of gluconolactone 
is 134-136°. The amide prepared from this acid melted at 143°. When 
mixed with known gluconamide (m.p. 143°), no depression of the melting 
point was observed. The melting point of the benzimidazole derivative 
prepared by the method of Moore and Link (14) was 215° and when 
mixed with known glucobenzimidazole (m.p. 215°) depression of the 
melting point did not occur. 


TABLE IT] 
Conversion of Glucose (0.1 Per Cent Solution) by Penicillin B and Oxygen to Gluconic 
Acid and Hydrogen Peroxide 


Time Glucose used Gluconic acid found Hydrogen peroxide found 
Ars mM mM mM 

0.5 0.326 0.349 0.309 

1.0 0.506 0.505 0.500 

2.0 0.556 0.582 0.559 


A sample of 5.075 mg. of glucobenzimidazole gave a volume of 0.460 ml. 
of nitrogen at 0° and 760 mm., when analyzed by the micro-Dumas pro- 
cedure. N found 10.18 per cent; theory for CyHyOsNe, 10.44 per cent. 

To determine the stoichiometric relations involved the following experi- 
ment was performed. A solution of penicillin B (0.1 mg. per ml.) in 0.1 
per cent glucose was aerated with O. and maintained at 36° in a water 
bath. In 2 hours all the glucose had disappeared. The amount of H,O, 
and gluconic acid in 100 ml. of the reaction mixture, at various intervals, 
is shown in Table III. These values indicate that glucose is oxidized 
according to the following equation. 


C.H,.0, + H.O + O,. — CygH,.O; + HO, 
We wish to acknowledge the kind assistance of Dr. J. B. Sumner who supplied a 


sample of pure crystalline catalase. This sample was standardized by the method 


if Jolles as modified by Sumner (11 
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The enzymic action of penicillin B does not seem to be restricted to 
glucose. Pure d-xylose, d-galactose, and d-mannose also yield acid and 
H.O. but the rate of reaction is much slower. Preliminary experiments 
indicated that the stoichiometric relationships observed for glucose oxida- 
tion did not hold for these sugars. These sugars have been found to be 
effective in bacteriological assays but not to the same extent as glucose. 

As stated above the principle or principles responsible for the enzymic 
action of penicillin B have been found to be heat-labile. Heating this 
material in a peptone-glucose medium at 80° for 5 minutes completely 
prevented the dev elopment of antibacterial activity (Table IV, Series C-2). 


TABLE I\ 
fect of eal ne heatior and Serum on An rbacterial Activi of eniciliin Bb 
I H S til l ty of P lin B 
indicates growth of Staphylococcus aureus F; indicates absence of growth of 
Stapl | 
i q B I me n 
N 
' Con 
+ S ° 
\ ] 21 hrs if vi rhe ted 
A-2 | 21 7°, heated 
\-3 2] i serum 
idded 
B-1 i6 hrs vi heated 
B 2 16 Ti ! ited 
B-3 16 int ed; serum 
idd 
( i No n Nn ! ented 
( 2 re j 
( ; nheated: serum 
{ i 
* Controls received no penicillin B 


While fresh horse, rabbit, or sheep serum interfered with the antibacterial 


wtivity of the mold product, two samples of older, stored serum did 


not exhibit this property \ typical experiment showing the effect 
of serum and heat is given in Table IV. The medium employed 
consisted of 1 per cent peptone, | per cent glucose, and 0.5 per cent NaCl 
and the test organism Was Staph ylococe {8 aureus kr, Penicillin B Was 


diluted serially in this medium and fresh, sterile rabbit serum was added 
to a final concentration of 5 per cent in the series indicated in Table IV. 
Some of the series of tubes were incubated for 16 or 21 hours at 37° before 
recel\ ing the organism, W hile others were inoculated immediately following 
their preparation. Certain series were also heated in a water bath to 80 
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for 5 minutes prior to inoculation. Antibacterial activity was judged 
by the presence or absence of visible turbidity in the tubes after incubation 
for 18 to 24 hours at 37°. 

Table IV further indicates that the antibacterial activity is due to some 
relatively heat-stable substance resulting from the penicillin B-glucose 
mixture. In the series of tubes (Series C-2) which was heated without 
initial incubation there was no evidence of bacterial inhibition, while in 
those which had been incubated for 16 or 21 hours (Series B-2 and A-2) 
before being heated growth occurred only in tubes containing the least 
amounts of penicillin B. 

Another conelusion which may be drawn from this experiment is that the 
heat-stable antibacterial substance is not active in the presence of fresh 
serum. A comparison of the results in Series A-2 and A-3 demonstrates 
this point. 

The peroxide formed by the action of penicillin B was titrated by the 
jodometric method and its concentration correlated with antibacterial 
activity, as shown in Table V. The samples tested varied from the crude 
mold culture fluids to highly purified preparations; yet the minimal 
amounts of H.Q» associated with bacterial inhibition were limited to a very 
narrow range. The antibacterial effectiveness of HeO. was determined 
under conditions similar to those in which penicillin B had been studied 
and it was found that the titratable amount of HO. which was required 
to prevent the growth of the test organism was of the same order as the 
corresponding titratable amount of the penicillin B product. This finding 
was confirmed with both Gram-positive and Gram-negative organisms. 

The identity of H,O, with the active substance produced by penicillin 
$} was further confirmed by the finding that all materials tested which 
were capable of reducing the titratable amount of the latter in a medium 
exerted a similar effect on the former. These substances included different 
ferrous salts, cysteine, fresh serum, and catalase. Cultural tests showed, 
furthermore, that these reagents interfered with the antibacterial activity 
of both H,O, and the penicillin B product. Tables VI and VII indicate 
the results obtained in typical experiments in which serum or catalase 
was employed as the antibacterial inhibitor. The medium and methods 
were similar to those described above except that the initial incubation 
period was at room temperature (25°) rather than 37°. 

The antagonistic properties of serum and of catalase were shown to be 
of a heat-labile character. Catalase which had been heated to 100° for 
| minute or serum which had been held at 65° for 10 minutes was no longer 
effective in preventing antibacterial activity, as may be observed in Tables 
VI and VII. Similarly, treatment of catalase with KCN resulted in the 
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PaABLE \ 
Inhibition of Staph ylococcus aureus F by Different Preparat ons of Penicillin B 
Compa ed wilh Amounts of H ydroge n Peroxide Present 
+ indicates growth of Staphylococcus aureus | ~ indicates absenes of growth of 
Staph vlococe is aureus | rhe f gures represent the number of ml. of 0.001 N NaS QO, 
utilized in the iodometric titration of the routine assav tubes following their incube. 


tion at 37° for 18 hours 


. ! | 1:8 1 2 1: 128 7 Con 
trol* 
Standard 1: 1000 j j j j 
tS s.4 2.0 . 0.6 0.0 
VSSHCN 1 :1.000.000 F 
1.4 1.4 0.7 1.0 1.1 
('-4 1 :1,000,000 - 4 } i i j 
By 0.9 0.6 0.0 
(,;-] 10 
..2 3.2 2 1.0 0.6 0.0 
Standard 1 1000 
+9 3 i) 1.0 0.5 0.0 
K-5 1 :10.000 | j 
:.5 Ry 2.6 1.8 0.9 0.5 0.0 
kK -2 1:10.000 { \ " | \ rl 
1.0 0.5 0o.0 
K-3 110.000 r 
i.e 0.7 0.4 0.0 
IK -4 1 -10.000 
$4 3.4 2.8 7 2 0.6 o.0 
(,-2 Ni Tit 
1.3 3.8 2.6 7 1. 0.6 0.0 
Standard 1 : 1000 r j \ n 
$3.2 3.3 1.9 0.9 0.0 
K-] 1 210,000 - n 
$1.2 1.6 5.0 2.6 1.5 bok 
K-6 1: 10.000 t t + 
t.0 com 1.8 ee 0.5 0.0 
kK -7 | 10.000 } , | | 
i 1.6 0.7 0.0 
K-S 1 1000 ‘ - ' \ F 
1.0) 5.) 1.8 2 0.5 0.0 
Kk -9 1-10.000 4 J j r 
7 0.7 0.3 0.0 
K-10 1 10,000 . . n 
1.5 1.3 2.5 1.4 0.6 0.0 
K-11 1 :10.000 | r r 
3.6 2.4 1.8 0.9 0.0 


* Controls received no penicillin B 
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loss of its ability to prevent inhibition (Table VIII). In this experiment 
the catalase preparation was exposed to 0.1 m KCN for 15 hours at a tem- 
perature of 10° before being diluted and added to the test cultures. In 


TABLE VI 
Growth of Staphylococcus aureus F in Presence of Different Combinations of Penicillin 
B, H.O., Fresh Horse Serum, and Heated Horse Serum 
+ indicates growth of Staphylococcus aureus F; — indicates absence of growth of 


Staph jlo occus aureus | 


1 part penicillin B in following million parts of medium 


— lreatment before inoculation : 
1 2 ' 8 16 | 32 64 2 
trol* 
\-] 6 hrs. at 25 -- - -- - - — — + 
A\-2 6 “ “ 25°, fresh serum added’ +4 + : : ‘ + . + + 
A-3 6 ‘ © 95°, heated serum - — — — -- _ - t+ + 
addedt 
\-4 6 hrs. at 25°, heated : — — — — — — + 
A.5 6 tg “ 2 , fresh ser t t + + ar = + + 
um added 
B-1 No incubation _ - -_ _ _ — _ — + 
B-2 " fresh serum + : + - + + + + 
added 
B-3 No incubation, heated serum - - + + L + 
idded 
Dilutions of 3 per cent hydrogen peroxide 
1:20 1:40 1:80 1:160 1:320 1:640 1:1280 1:2560 = 
C-] No ineubation — — - _ _ - 4 
C.3 . heated - - — - — — —_ — + 
C3 ' fresh serum - + + + + + + + 
added 
(-4 No incubation, heated serum . - - _ + 


added 


si ontrols received no penicillin B 


+t Serum was heated at 65° for 10 minutes 


our previous paper, it was reported that KCN does not inactivate penicil- 
lin B 

In anaerobic experiments it was found that penicillin B failed to exhibit 
any antibacterial activity or to produce any substance which might be 
titrated iodometrically. Modified Thunberg tubes were employed in 
certain of these experiments in order to permit the mixing of penicillin B 
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TasLe VII 


Growth of Staph ylococe 48 aQuTreus F iv Pre SeNcCE of Pe nie illin B an 1 Catalase 


+- indicates growth of Staph ylococcus aureus F: indicates absence of growth of 


Staph ylococcus aureus I 


1 part penicillin B follow arts of medium 

erie 
\ lreatment be ‘ culati . Pe 
\-1 S hrs. at 25 
X.2 S 25°. heated 
\-3 S 25°, catalase added 
\ 4 S 25°. heated: catalase + 

added 
\-5 S hrs at 25 heated catalase 

iddedt 
B ] No incubation - T 
B-2 heated 
B-3 catalase added 
B-4 - = heated; catalase 

rdded 


B-5 No incubation he ited eat lase 


addedt 


Controls received no penn illin B 


+ (‘atalase was heated to 100° for 1 minute 


Paste VIII 
bk fect of AC \ ] ealed ¢ atalase on tntihac fe al lel a Pp? ) is 
indicates growth ot Staphylococcus aureus F: indicates sence t growtl 


Staph ylococcus aureus F. 


1 part penicillin B in following r me 
No Treatment be culation* 
l 2 4 5 i 2 : 1 
2 Heated 
; Catalase added 
} He ited: ¢ italase idded ; + + + 
5 KCN catalase added 
b Heated: KCN catalase added 
*In each experiment incubation at 25° for 15 hours was carried out befor 
inoculation 
t Controls received no penicillin B 
with glucose in an atmosphere devoid of O.. One chamber received the 


peptone-glucose medium and the other the desired dilution of the enzyme 


A series of such tubes was placed in a desiccator and evacuated and rinsed 
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with nitrogen four times. The desiccator was then filled with nitrogen 
or with a mixture of nitrogen and carbon dioxide, closed, and tilted 
in such a manner as to mix the contents of each tube. After 24 
hours incubation at 37° growth of Escherichia coli was observed in such 
tubes in the presence of relatively large amounts of penicillin B. Control 
tubes which had not been inoculated with the organism were found to 
contain no peroxide when they were examined immediately after having 
been removed from the desiccator. However, if such controls were shaken 
aerobically before being tested, an appreciable quantity of H.O. was found 
to be present. 

Another type of anaerobic experiment involved the use of the thiogly- 
collate medium described by Brewer (15). This medium was prepared 
containing | per cent glucose and serial dilutions of penicillin B were added 
to it. The three test organisms employed were Salmonella enteritidis, 
a facultative anaerobic organism, and Clostridium tetani and Clostridium 
welchii, both obligate anaerobes. Each of these organisms grew abun- 
dantly in this medium in the presence of relatively large amounts of 
penicillin B, although Salmonella enteritidis had previously been demon- 
strated to be inhibited by the enzyme in the usual aerobic tests. 

DISCUSSION 

The experiments described in this paper show that penicillin B is an 
enzyme of a flavoprotein nature, which causes the oxidation of glucose 
to gluconic acid and HQ». Data presented in a previous publication 
indicated that glucose is necessary for the optimum antibacterial activity 
of this substance. We have now shown that the antibacterial activity is 
due to one of the products of the enzyme action, hydrogen peroxide. 
\pparently the inhibition of the activity of penicillin B by serum is due to 
catalase activity. That it is so effective in vitro is probably due to the 
fact that extremely small amounts of HeOs are toxic to bacterial cells. 
Its use 7m vivo in areas where catalase activity is at a minimum is being 
investigated : 

It should be noted that Coulthard ef al. state that notatin is a flavo- 
protein enzyme which possesses antibacterial activity only in the presence 
of glucose and that it converts glucose to gluconie acid and HeQs. 

Further, Muller (16) obtained from Aspergillus niger a glucose oxidase. 
Franke later showed that this enzyme converts glucose to gluconic acid 
and HQ, (17) and indicated that it is a flavoprotein (18). 

The properties of these enzymes and of the product prepared in this 
laboratory are similar in most respects but we should like to call attention 
to one point of discrepancy. Coulthard et al. state that their enzyme 
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reacts only with glucose to produce an antibacterial product, whereas 
Franke showed that his product causes oxidation of d-mannose and d- 
galactose as well as d-glucose to give the respective monocarboxylic acids. 
Apparently no reaction was observed with d-xylose. We have found that 
d-xylose, d-mannose, d-galactose, and d-glucose all give rise to acid and 
H.O. when allowed to react with penicillin B, and that the first three react 
much more slowly. These discrepancies may be due to heterogeneity of the 
enzyme preparations, to an actual difference in the products, or to differ- 


ences In technique 


We are indebted to the Theelin Fund administered by the Committee 
on Grants for Research of St. Louis University for financial support and 
to Mrs. FE. A. Doisv and Miss Lenore Klaus for their helpful technical 


assistance 
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Comparative data on electrophoretic and sodium sulfate fractionations of 
pathological blood sera have been published by Gutman ef al. (1) and 
Luetscher (2). These papers contain data on only two normal sera. We 
have been unable to find any other studies on this subject. Marked dis- 
crepancies in the methods were indicated. The purpose of this paper is to 
present data on eight normal sera studied by sodium sulfate and electro- 
phoretic fractionation methods. 


EXPERIMENTAL 
Samples of blood sera from non-fasting laboratory workers were studied 
by the electrophoretic method of Tiselius (3). Patterns were obtained by 
the scanning method of Longsworth (4). Each serum was diluted 1:2.5 
with a phosphate buffer, ionic strength 0.2 and pH 7.8, and was dialyzed 
against the same buffer in the usual way. Separation of the /anomalous 
boundaries from the y-globulin on both the descending and ascending sides 
was accomplished by use of the cell with a single center section, recom- 
mended by Longsworth et al. (5), and a long electrolysis time. The pattern 
of the descending boundary was enlarged and traced and an example of both 
ascending and descending boundaries is given in Fig. 1. The limits of the 
areas under each peak were determined by the method of Tiselius and 
Kabat (6) and the resulting area was measured by means of a planimeter. 
The sodium sulfate fractionation was carried out with 22.5 per cent so- 
dium sulfate at 37°. ‘Total nitrogen, albumin nitrogen, and non-protein 
nitrogen were determined by the micro-Kjeldahl method of Keys (7). 
9em. No. 50 Whatman filter paper was used and the first 25 per cent of the 

filtrate was discarded in order to reduce the filtration error (8). 


DISCUSSION 


The results are compiled in Table I. Gutman et al. (1) have shown that 
approximately one-quarter of the 6-globulin and three-quarters of the 
a-globulin appear in the 21.5 per cent (sic.) Na SO, filtrate. Similar re- 
sults have been obtained with ammonium sulfate fractionation (9, 10), 
ethanol fractionation (11), and methanol fractionation (12). The globulin 
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precipitate of 22.5 per cent Na,SO, has not been analyzed. The present 
results show that the sodium sulfate technique assigns 5 + 3 per cent more 
nitrogen to the albumin fraction than is indicated by the electrophoretic 


AL®@. 





DESCENDING » <—fusihc —___ —— 


kia. | Electrophoretic patterns of rising and descending boundaries of normal 
human serum diluted 1:2.5 with a phosphate buffer, ionic strength 0.20 and pH 7.8 


PaBLE | 


j Res fis of Fract onation of Vormal H aman Se im oy I ecl op 


f omparison of 
and Sodium Sulfate Methods 





S t 
Electror yreti € irements® F 
~ - Z ~Z. 
Ex Fs © vs 
peri * ~ - i » 
ment 4h . . Be on ry 2° 
Ibu kt i + ad rot . 
N Fota min } 3 
area = oa * jad € oa =| " . 
are ire = £& © £ = = > =— 
~ a ~<a ~ a = = 
- a < e <i - 5 


65 521.0 354.0 167.0 0.060 0.24 | 0.184 67 32 2 2 
66 | 215.0) 140.6) 74.4) 0.110) 0.24 | 0.19 | 65.3) 34.7, 1.88 72.0 28.0 2 57 
67 202.9| 133.3 69.6) 0.092) 0.21 | 0.22 | 65.7 34.3 1.92. 68.0 32 0 me 
76 398 2 203.2 125.0 0.089 0.19 0.34 61.9 38.1 1.62 66.2 3S 1. 
75 262.0 182.0 g0.0 0.128 0.173) 0.135 69.5 30.5 2.28 44.1 95.9 » SH 
SS 1425.0 883.0 542.0 0.140 0.25 (). 21 61.9 38.1) 1.62 65.4 1 6 1 89 
x9 (1073.0) 664.0 409.0 0.134) 0.22) 0.28 | 61.9) 38.1 1.62 OS l 1.9 2.14 
S4 060.0) 704.0 256.0 0.084, 0.150 0.132 73.3 26 7| 2.75 S10 Oo 0 1 26 


Average 0.104! 0.21 | 0.211) 65.9) 34.1) 1.97 71.4 28.6 2.02 


* Descending boundary 
t Arbitrary unites 
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analysis of dialyzed whole plasma. Thus it appears that considerably 
more globulin is carried over into the albumin fraction than albumin is 
retained by the globulin precipitate. The recent interesting finding of 
McFarlane (13) that 3.5 gm. of lipids per liter of serum may be removed 
from the £-globulin fraction of human serum proteins by ether extraction 
in the extreme cold (—25°) probably does not interfere with the above 
interpretation, since the weight of the lipids is undoubtedly included in the 
factor 6.25 used in all older computations. 

Longsworth (14) has found that a fourth peak appears when normal 
human serum is examined in the Tiselius apparatus with a veronal buffer at 
pH 8.6. If this peak, labeled a,-globulin by Longsworth, could be identi- 
fied as a definite globulin, then the discrepancy between the two methods 
would be further increased. 

There appears to be a much better correlation between the sodium sulfate 
fractionation and the electrophoretic fractionation in normal than in patho- 
logical sera. Luetscher (2) found from 3 to 16 per cent more albumin in his 
sodium sulfate filtrates than was indicated by the electrophoretic analysis. 
Gutman et al. (1) found that even greater variations occurred in their study 


of eleven cases of multiple myeloma. 


SUMMARY 


|. In eight normal sera, the sodium sulfate technique assigned 5.2 + 3 
per cent more nitrogen to the albumin fraction than was indicated by the 
electrophoretic analysis. 

2. The correlation between these two techniques is better in normal 


than in pathological sera. 
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In the many years surgical shock has been studied by laboratory meth- 
ods, a considerable body of data has accumulated to show that gross 
metabolic abnormalities, understandably enough, accompany the develop- 
ment of shock; these increase as shock persists. Occasionally, attempts 
have been made to link the observed metabolic disturbances with initiating 
and developmental mechanisms of shock. Since these mechanisms are 
poorly understood, it is not surprising that little success has attended such 
efforts. 

In all of these previous considerations of metabolic abnormalities in 
shock we find no detailed studies of the effect of shock upon the metabolism 
of specific isolated tissues. Such studies would eliminate confusing factors 
sociated with the clinical condition of shock, with its muscular relaxation, 
impaired circulation, and the altered metabolism (Aub (1)) associated 
with anoxia. Accordingly, it seemed to us advisable to examine the effect 
of shock on excised tissues, to learn whether, after a reasonable period of 
progressing shock, impairment of the enzyme and other systems concerned 
in cellular metabolism might be demonstrated. 

The observations reported here consist of measurements of oxygen up- 
take and lactic acid production by brain cortex, heart muscle, kidney 
cortex, and liver. 

Methods 


Animals Fifty-seven cats were used. In the study of cerebral cortex, 
kidney cortex, and heart muscle twenty-eight cats were divided into three 
groups: Group | untreated, Group 2 anesthetized with ether, but not bled, 
and Group 3 anesthetized with ether and subjected to shock produced by 
hemorrhage. 

At the suggestion of Dr. C. N. H. Long we have included the liver in this 
investigation. For study of the effect of shock on the liver, twenty-one 
cats were divided as follows: five were untreated, four received ether, four 
were etherized and bled, four received sodium pentobarbital anesthesia, 
and four others received the barbiturate and were bled. 


\ided by a grant from the Milton Fund of Harvard University 
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When the animals were anesthetized with ‘‘cone”’ ether, tracheal can- 
nulae were inserted and the anesthesia continued for 5 or 6 hours. When 
the barbiturate was used, the agent was administered intraperitoneally in 
a dose of 40 mg. per kilo. Cannulae were inserted in the femoral arteries 
for blood pressure measurements and withdrawal of blood. All cats were 
fasted for about 16 hours. 

Production of Shock The schedule of bleedi iw Was | per cent ol the 
body weight at first, 0.5 per cent after half an hour, and 0.25 per cent every 
half hour thereafter until the blood pressure had fallen to and remained 
below 70 mm. of He: then the bleeding was omitted Shock level pres- 
sures (see Tables | to IV) were maintained for from 1 to 4 hours We 
had planned to employ a shock period of at least 3 hours in all cases 
Occasionally, because of the imminence of death, this full period was not 
attained. By the end of this time all animals were in profound shock, 
and several were moribund. The animals were exposed to room air and 
the body temperature allowed to fall, as it does in clinical shock \t 
intervals the rectal temperature was recorded 

Determination of Oxygen plake and Lactic Acid Production The ani- 
mals were killed by decapitation, the heart and a kidney were removed at 
once, and the skull split with a guillotine to release the cerebral hemi 
spheres. Slices were cut from the outer surface of the brain and kidney, 
vhile thin lavers of muscle were stripped from the outer surface of the left 
ventricle by a shallow cut with a razor. The tissue was suspended in a 
medium that contained NaCl O.118 mM, KC] 0.0024 mM, CaCl. 0.0017 M, 
\igCl, 0.00066 mM, and glucose 200 mg. per cent in addition to buffer. In 
order to avoid overlooking possible specific effects of the buffer (¢ ‘raig and 
Beecher'), two series of experiments were carried out, one in which the 
medium was buffered with phosphate (Tables I, Il, IV), the other, with 
bicarbonate and carbon dioxide (Table IT1), except in the case of the liver 
tudies, for which phosphate buffer alone was emploved 

In medium containing phosphate buffer (Table | NaHoPO, 0.003 mM. 
NasHPO, 0.017 M), oxvgen uptake was determined by the first method of 
Warburg (11 Che lactie acid that accumulated in the vessel during the 
preliminary period of introducing the gas and equilibration 10 to 15 min 
utes) and the « xperimental period of 2 hours was determined colorimetri- 
eally by the method of Barker and Summerson (2 The vessels were 
filled with oxvgen; the shaker rate was 160 per minute 

In medium containing bicarbonate buffer (Table II]) (NaHCO, 0.024 m 
both oxygen uptake and lactic acid output were determined by the second 
method of Warburg (12), the vessels being filled with 5 per cent CO» in 


oxygen and shaken at the rate of 120 cycles per minute 


' Unpublished data 


in- 


1en 


ot 


id 
\t 





H. K. BEECHER AND F. N. CRAIG 385 


The metabolic data in this paper have been reported on the basis of dry 
weight at the end of the experiment, except for the controls described 


TaBLeE | 
Effect of Shock on Oxygen Uptake and Lactic Acid Production; Phosphate Medium 
Qo, = ¢.mm. of O, per mg. of dry weight per hour. Mg. per gm. = mg. per gm. of 
dry weight per 2 hours plus the preliminary period. 
Disregarding the preliminary period, one could convert the data for lactic acid 


output to Qe? (cf. Table II) by dividing by 8. 


Brain Heart Kidney* 
Final Time 
Exper! Time Final rectal bl 0d : Blood 
ment under blood ; : pressure 
in teeiiiaies temper- . bel drawn O Or Os 
ether pre ure was Delow Z . 
ature (75 mm. He uptake Lactic uptake Lactic uptake 
acid acid — 
Ist 2nd | Output | ist |2nd output Ist | 2nd 
hr. ! hr hr. hr. 
Group 1. Untreated 
per cent . . > 
ar mm. Hig ( ar oa V0.2 VO02 a V02 '|UCO2 ee o V02 VO: 
248 11.3 10.6 46 6.8/6.3 22 9.3, 9.8 
249 11.3 11.9 61 8.0/7.2 16 7.1) 7.8 
251 12.9 12.1) 59 6.4/4.2 16 8.8 9.4 
253 9.9 9.9| 55 (5.3/4.9 17 9.5 9.8 
301 11.5 10.1 51 7.210. 1 10 6.0 5.6 
Average 11.4 10.9 54 (6.8/5.5 16 8.1) 8.5 
Group 2. Ether 
257 6.0 132 34.0 14.0' 12.0, 82 7.1} 6.3 
259 6.0 YS 33.8 13.1) 11.5; 65 8.2) 8.2 
261 6.0 74 33.5 10.9 9.8 857 8.9 3.8 
263 6.0 102 13.0 11.4 74 7.5) 7.7 
Average 12.8 11.2 69 71.9| 7.8 
Group 3. Ether and hemorrhage 
244 6.6 3 ise 2.0 | 10.5 9.8 57 '7.815.5) 20 e.01 oc 
246t 5.0 30 32.0 1.0 3.0 11.9 10.3 78 (5.3/3.8) 22 5.4! 5.1 
252f «6.5 30 30.5 1.3 2.3 14.4 12.0 86 6.05.0 20 9.5) 9.0 
255 6.0 10 30.0 3.2 2.5 14.2 11.9 66 8&.716.0; 19 (10.9) 9.6 
206 5.0 oe 27.5 2.0 2.5 14.4 12.8 106 7.06.4 9 7.8) 7.9 
297 5.0 IS 28.0 2.0 2.3 12.0 11.8 66 6.9/4.6) 27 8.0) 8.1 
208t 1.5 10 28.5 2.5 1.5 $11.6 10.9 66 7.2/5.8) 26 7.5) 8.1 
Average 12.7 11.4 75 (6.9/5.3) 23 8.1) 7.9 


* Lactic acid output as determined in each case was zero. 
t Animal died on the table, shortly after the last blood pressure reading. 








3386 rISSUE METABOLISM IN SHOCK 


below. Although some workers prefer as a basis the dry weight at the 
beginning of the experiment, the final dry weight basis has certain ad- 


TABLE II 
Effect of Shock on Oxygen U ptake of Cat Liver; Phosphate Medium 
The Qo, recorded is the mean of duplicates over a 2 hour period. The Qe? was less 
than 1 in every determination or 0.25 + 0.05 for the series of twenty-one 


Time Time blood Final Final 
Group No 5" under Bay ox we BI oe blood Bins: Oo 
— om anesthetic | .45 Delon —- pressur ag ay 
70 mm. Hg tt 
ny hr nd . one mm. Il ¢ ( 
rd Y WIZ 
1. Untreated 36S 5.2 
369 $9 
370 6.0 
371 6.3 
372 5.5 
2. Ether 370 6.0 0 0 27 34.8 5.4 
372 5.5 0 0 93 34.0 6.5 
374 6.0 0 0 110 39 5 6.4 
379 3.3 0 0 140 7-4 
3. Ether and 368 6.5 3.0 o.6 60 30.5 6.3 
hemorrhage 370 6.0 3.0 2.6 $2 33.0 6.3 
372 6.0 5.0 2.2 15 34.0 9.7 
379 5.5 5.0 2.3 0) 28.5 5.4 
+. Sodium 369 6.0 0) 0 155 37.0 5.6 
pentobarbi 371 7.8 0 0 115 38.0 5.3 
tal 380 $5 0 0 160 57 
IN] 6.0 0 0 150 43 0) iS 
5. Sodium 36U 5.8 2.5 2.8 35 32.0 6.7 
pentobarbi 37 1 7.7 1.3 1.0 15 0 6.6 
tal and 380 1.5 1.5 +0 0 Oo 0 5.2 
hemorrhage Ss] 6.5 3.0 2.9 12 27.5 1.3 
Summary of Liver Data 
Group N¢ No. of cat Mean Vo, 

1. Untreated 5 5.6 + 0.25 

2. Ether } 6.4 + 0.35 

3 and hemorrhag } 0.9 + 0.22 

$, Sodium pentobarbital t 5.4 + 0.20 

5 ind hemorrh ine } 5 7 + 5S 

Groups 1, 2, 4 ill controls 13 5.8 + 0.19 

3, 5 (all shotk S 5.8 + 0.29 


vantages. Nevertheless, it is conceivable that tissues from animals in 
shock might lose enough more weight while in the Warburg flask than 
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tissues from control animals to give rise to values that are too high and 
thus mask a depressing effect of shock on tissue metabolism. In order to 


TaBLe IV 


Comparison of Initial and Final Dy j Weight Base s for Exp essing Oxyge n U ptake 
Data 


yns: eat liver slices; phosphate 


; 


All values re¢ present the mean of six dete rmina 


buffer 
Rat rT ghts Me 0 
Cat No 
I il wet I Fu 
x I r g 
Initial dr I Init 
( ontrol 

391 5.1 + 0.09 5.0 + 0.09 Q9 4. 2.7 13 + 0.10 > 6 + 0.08 

392* 57+0.14 5.0 + 0.12 SS + 4.3 19+ 0.09 19+ 0.17 

395 $9 + 0.10 {9+ (0.04 76 + 1.2 {$8 + 0.18 13 + 0.07 

397 $S+ 0.11 t.4 + 0.06 77 + 2.3 19+ 0.12 1.1 + 0.07 

A veragt 17+ 0.14 3 0.22 

~~ } 

390 6.8 + 0.21 6.8 + 0.135 1Ol + 3.3 5.6 + 0.14 5.8 + 0.26 

293 * 52?2+0 12 iS + 0 16 R7 + 3.3 5 0+ 0.19 17+0 14 

2304 19 + 0.07 19+ 0.14 R4 + 3.5 19+ 0.15 10+ 0.12 

396 5.12 0.12 53+ 0.15 97 + 2.1 $8 + 0.09 16 + 0.19 

Average ) 0.18 1.8 0.2] 

Data f {nin Sy! / H 
Time | ; 
| ; B | " I 
Hg . 
. on mm 

300 6.5 3.5 9.3 i 31.9 

393 5.5 o. 2.6 1) 39 5 

204 6.5 3.5 3.7 17 20.0 

396 6.0 2 () 2 9 % 98.0) 

* In Experiments 392 and 193, wl the tissue had been removed er a 2 hour 
determination, the vessels wert replaced in the water bath, refilled h oxvgen, and 
the oxygen uptake ol the mediut lowed for an iditional hou No oxvgel 
uptake was observed ‘though the tissues had lost 13 per cent in wel weight and 


the average hourly manometer deflection had been % ¢m 


test this point for the liver tissue, another series ol eight cats was studied, 
lou! controls and 1our in shock I: rom ¢ ach liver, slices were 


cut for twelve 


1 
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Warburg vessels and weighed rapidly on a torsion balance. Six portions 
of tissue were placed in the oven to provide the initial dry weight, while 
oxygen uptake was followed on six additional portions. The wet weight 
of these tissues was determined again at the end of the experiment and 
then the dry weight. The Qo, was calculated on the basis of both initial 
and final dry weights and recorded in Table IV. 

The Qo, based on the initial dry weight was lower than the Qo, calcu- 
lated in the conventional manner by 11 per cent in the control group and 
by 6 per cent in the shock group, but on either basis there was no evidence 
that shock had any significant effect. 

It will be noted, however, that the mean Qo, for all eight livers (on the 
final dry weight basis) was 4.9 or 16 per cent less than the mean of 5.8 
for all the data in Table Il. Unpublished results for heart and brain slices 
show that in these tissues a preliminary 15 minute period of standing at 
room temperature depressed the Qo, by 15 per cent. A delay of this length 
was encountered in the second liver series because slices were cut for twelve 
vessels instead of two, as in the first series, and the slices were weighed 


before being placed in the Warburg vessels. 


Results and Comment 


The data given in Tables I to IV show no evidence of damage to the 
tissues removed from animals subjected to hemorrhage, hemorrhage that 
amounted in most cases to more than 2 per cent of the body weight. 
Some of the eats in shock at the end of the experiment appeared to be 
in very poor condition, notably in Experiments 246, 252, 297, and 298, 
and yet on transference to standard conditions tm vitro, their tissues 
when compared with the ether controls exhibited no changes that were 
large enough to be significant (as calculated for small series from the 
standard error of the mean) 

The light ether anesthesia appeared to render these animals somewhat 
poikilothermic; the temperature fell with time in a nearly linear fashion. 
Since low body temperature is usually a concomitant of shock, we al- 
lowed the temperature to fall.2 Considering the fact that at tempera- 
tures below normal the basal metabolism will be less than it is at 38°, 
it could be argued that the circulation might have been adequate to 
minimize serious tissue hypoxia. The poor, even moribund, condition of 
the animals at the end of the experiments is against this being of major 
importance. 

Further evidence that the tissue removed from the animals in shock 

? When the temperature is maintained at the normal level, as in the experiments 
of Aub (1) on cats in traumatic shock and in those of Schlomovitz et al. (9) on dogs 
in hemorrhagic shock, there is a decrease in total metabolism of 30 per cent or more. 
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was in good condition comes from a consideration of the rate of aerobic 
glycolysis. Lactic acid determinations on blood entering and leaving 
the head indicate that with an adequate supply of oxygen glycolysis does 
not occur in the intact brain (McGinty (6)). In brain slices the high 
aerobic glycolysis observed in the Ist hour is usually attributed to dam- 
age suffered in preparation. In the 2nd hour it persists if at all at a 
much lower rate. The decrease in Qg’ in brain in shock (Group 3) from 
1.2 to 1.0 is indicative of the satisfactory condition of the mechanism that 
ordinarily prevents the appearance of lactic acid in vivo. The lactic acid 
output of liver was less than a Q%" of 1 in each case, so that these data are 
not reported in detail. 

For the rate of oxygen uptake of most organs of the body including 
kidney and resting muscle, the correspondence between data for the intact 
organ and for slices is fairly good (Richardson, Shorr, and Loebel (8 
Richardson (7)). Brain has been regarded as an exception, for earlier 
work indicated a much higher metabolism in vivo than in vitro. More 
recently, however, Chute and Smyth (3) have studied the metabolism of 
the isolated, perfused cat brain under conditions in which the activity of 
the corneal reflex was maintained. They reported values of from 10 to 
15 for the Qo, (¢.mm. of O2 per mg. of dry tissue per hour) of whole brain, 
necessarily averaging the rates for cortex and for white matter. Krebs (4 
has given values of from 2.8 to 4.6 for the Qo, of cerebral white matter 
from the rabbit If about half of the cerebrum is gray matter, it may be 
estimated that the Qo, for cat cortex in Table I is probably more than half 
the value for cortex 7n vivo. Hence the reservation should be made that 
the conclusion stated below holds only for the portion of the metabolism 
that persists in vitro. 

Shock did not appea lo infl cence the metabolism of surviving tissue when 
either of the two buffers was used (ur experiments indicate that the de- 
creased basal metabolism of the body as a whole in shock observed by 
others is not necessarily evidence of irreversible damage to the metabolic 
apparatus of the cells The reduction in metabolic rate associated with 
surgical shock appears to be due in part at least to failure of the cellular 
oxygen supply rather than to inability of the cells to utilize oxygen. 

While the following is not pertinent to the chief concern of this paper, it 
is interesting to observe that the data for the control series reveal two 
differences between phosphate and bicarbonate that were large « nough to 
be significant. Glvycolysis in the brain in the Ist hour was twice as great 
in phosphate as in bicarbonate, if differences in method and shaker speed 
are neglected. This may be seen by comparing the data for the ether 
control group in Table III with those in Table V. These were obtained 
by running three vessels in parallel and removing one at the end of the 
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preliminary period, the Ist hour, and the 2nd hour. The Q? (aerobic 
glycolysis) in bicarbonate was 3.6 c.mm. per mg. per hour (1 ¢.mm. = 
0.004 mg. of lactic acid), which compares with Warburg’s value of 2.5 for 
the rat (13). The value of 7.4 for Q@’ in phosphate was higher than one 
would expect but agreed with the results of Tyler and van Harreveld (10) 
on rat brain in phosphate medium, if one attributes to glycolysis the 
glucose utilized in excess of the amount equivalent to the oxygen consumed. 
Our calculated Q@ for their data (assuming the dry weight to be one-fifth 
the wet weight) was 8.0 for the adult. 

Furthermore, it is interesting to observe that the rate of oxygen uptake 
in heart muscle declined the 2nd hour more in bicarbonate than in phos- 
phate medium. Working with minced muscle, Krebs and Eggleston (5) 
found the oxygen uptake lower in bicarbonate than in phosphate medium, 


TABLE V 


Rate of Lactic Acid Production by Brain in Phosphate Medium; Group 2, Ether Control 


. , Ont 
Lactic acid accumulated at end of, Lactic acid per hr., Qc", ¢-mm. per mg. 
mg r gm. tissue mg. per gm, tissue . 
Experiment - aie _— tissue 
No 


Preliminary ist hr 2nd hr.* Ist hr 2nd hr ist hr 2nd hr. 

period 
257 22 58 82 36 24 9.0 6.0 
259 25 53 65 28 12 7.0 3.0 
261 24 14 57 20 13 5.0 3.3 
263 26 60 74 34 14 8.5 3.5 
Average 7.4 +.0 


*These data appear in Table I 

t See note above Table III. 

Ether had two effects on brain that were significant to the extent that 
the difference in the means was 2.5 as great as the standard error of the 
difference. These were increases in glycolysis in phosphate from 54 to 
69 mg. per gm. and in Qo, in bicarbonate for the Ist hour from 9.7 to 11.7. 


We wish to express our appreciation to Dr. Fritz Lipmann for his kind- 


ness in advising us at many times during this study. 
SUMMARY 


The quantities of oxygen uptake and lactic acid output by brain cortex, 
heart muscle, kidney cortex, and liver from cats in profound hemorrhagic 
shock were not significantly different from control values. The drop in 
the total resting metabolic rate commonly found in shock is therefore 
apparently not dependent upon abnormality in the peripheral cells in so 
far as this can be determined under the conditionsof these experiments. 
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THE METABOLISM OF ACETOPYRUVIC ACID* 


By ALBERT L. LEHNINGER 


From the Department of Physiological Chemistry, Medical School, University of Wis- 
consin, Madison) 


(Received for publication, February 26, 1943) 


In 1937 Krebs and Johnson proposed that acetopyruvic acid (a, y-di- 
ketovaleric acid) may be an intermediate in the biochemical synthesis of 
ketone bodies from acetic and pyruvie acids (1). Their data showed that 
the synthetic compound was utilized readily and was quite active as a 
ketone former, when incubated with excised tissue slices. However, there 
are no further observations in the literature on the metabolism of this 
compound either in the intact animal or in excised tissues; the compound 
apparently has never been isolated from or shown to be present in any 
natural source.! 

It was the purpose of this investigation to study several aspects of the 
metabolism of acetopyruvic acid in intact animals in order to supplement 
the results obtained zn vitro by Krebs and Johnson, as well as to furnish 
data which might be more comparable to similar data obtained on the 
known true metabolites in vivo. 

In preparation for this program, the synthesis, reactions, and some 
derivatives of acetopyruvie acid have already been studied in this labo- 


ratory (3, 4 


EXPERIMENTAL 

Acetopyruvic Acid--The compound was prepared as previously described 
3) and was purified by sublimation under diminished pressure (60° at 
12 mm.), followed by desiccation over phosphorus pentoxide and recrystal- 
lization from anhydrous carbon tetrachloride. This process was repeated 
twice. It was’ found that any trace of vellow or brown color in the crystal- 
lized acid invariably led to toxic signs when a solution of the sodium salt 


was Injected intravenously 


Phisis an abbreviated account of a portion of a thesis submitted to the Graduate 
School of the University of Wisconsin in partial fulfilment of the requirements for the 
degree of Doctor of Philosophy. The work was conducted under the general super 
vision of Professor E. J. Witzemann 

! Since this paper was submitted for publication, an interesting report by Fosdick 
and Rapp has appeared (2). They have isolated a-keto-y-hydroxyvaleric acid (a 
reduced form of acetopyruvic acid) from the products of fermentation of pyruvic acid 
by Staphylococcus albus. This observation confirms the possibility that acetopyruvic 
acid may actually be a naturally occurring intermediate metabolite 
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The solutions used in the experiments were made up by weight from the 
pure compound, followed by filtration. The filtrate should be colorless 
and water-clear. Neutral solutions were made up by titrating water solu- 
tions of the pure acid with sodium hydroxide to pH 7.4 (with glass electrode 
and potentiometer). 

Determination of Acetopyruvic Acid——-Krebs and Johnson (1) determined 
acetopyruvic acid manometrically, using yeast carboxylase in the form of 
Lebedev extract. However, this method was found to be limited in appli- 
cation and did not provide any differentiation from other a-keto acids. A 
method was devised for the determination which is based on the alkaline 


hydrolysis of acetopyruvic acid to acetone and oxalic acid (3 The oxalic 
acid formed was determined by a modification of the Merz and Maugeri 
method (5 Since oxalic acid as such already exists in blood and urine, 


an appropriate blank experiment is subtracted from the total oxalie acid 
values to give the amount of oxalic acid formed from acetopy ruvie acid, 

The procedure follows. 

Blood—10 ml. of blood were drawn into a cold syringe and quickly ejected 
with stirring into 10 ml. of 20 per cent trichloroacetic acid solution, contain- 
ing 0.1 ml. of 30 per cent sodium iodoacetate and 50 mg. of sodium fluoride. 
After 30 minutes the mixture was diluted with 20 ml. of water, stirred, and 
filtered through dry pape The residue was washed with 10 ml. of water 
and the combined filtrates made up to volume 

U'rine—0.5 volume of 20 per cent trichloroacetic acid solution was added 
to each volume of urine; the solution was filtered after 30 minutes and the 
precipitate, if there was any, was washed lhe combined filtrates were 
made up to volum« 

Analysis of Filtrate-——An aliquot of the filtrate was made strongly acid 
with 50 per cent H.SO, and extracted with ether in a small Kutscher- 
Steudel type of continuous extractor until all the acetopyruvie acid was 
extracted (the time and rate of extraction must be determined previously 
for each apparatus; the partition coefhicient (A C'o1 »~ Hes0./ Eto for 
acetopyruvie acid at 25° is 1.56 rhis procedure is necessary to separate 
acetopyruvie acid from glucose, since the latter forms calcium-precipitable 
compounds on treatment with alkali It also serves for the separation of 
the major part ot the preexisting oxalic acid pres nt in the sample, since 
all the acetopyruvie acid is extracted before much oxalic acid is removed 
The ether extract was transferred quantitatively to a 50 ml. centrifuge tube 
and the ether evaporated off under a hood | ml. of 0.01 Mm NasHPO, solu- 
tion was added to the residue, followed by 1 ml. of 8 N NaOH added drop- 
wise with swirling. The mixture was allowed to stand at 37° for at least 
10 hours to effect complete hydrolysis to oxalic acid and acetone. 1 drop 
of brom-cresol purple indicator (0.1 per cent) was then added and the 
contents of the tube carefully titrated to the transition shade of the ind- 


he 
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eator (pH 5.2 to 6.8) with 3 N HCl. Finer adjustment was made with 0.1 
n acid or base so that the solution was left about 1 drop to the acid side 
of the indicator (pH 4.6 to 5.2). A volume greater than 10 ml. was avoided. 
1 ml. of 10 per cent calcium chloride solution was added and the tube al- 
lowed to stand overnight. 2 drops of a saturated Ca(OH). solution, 
followed by 1 drop of 5 per cent MgC}, solution, were then added to the tube 
without stirring. The magnesium hydroxide formed aided in insuring a 
compact precipitate on centrifuging. The mixture was then centrifuged 
and the supernatant liquid carefully poured off. The precipitate was 
washed with 1 ml. of water, centrifuged, and the supernatant discarded. 
To the residue were added 5 ml. of hot (70—-80°) 10 per cent sulfuric acid 
with stirring until solution was effected. Some calcium sulfate sometimes 
remained insoluble, even after dilution with water. A drop of 1 per cent 
MnSOQ, solution was added as catalyst and the oxalic acid content of the 
tube titrated with standard 0.01 N permanganate solution to a 30 second 
end-point. Blank determinations (for whatever preexisting oxalic acid 
came over in the ether extraction) were performed by taking up the ether 
residue of a duplicate sample in 5 ml. of water and adjusting the pH of the 
contents as described above. 1 ml. of 10 per cent CaCl, solution was added 
and the blank treated as further described above, beginning at the point 
of the addition of- calcium chloride. This titration value is subtracted 
from the total oxalie acid titration to obtain the amount due to aceto- 
pyruvic acid alone. 

Calculation—\| ml. of 0.0100 N potassium permanganate is equivalent to 
0.650 mg. of acetopyruvie acid. 

Recovery—Known amounts of acetopyruvic acid added to blood and 
urine were analyzed by the above procedure. The recoveries (Table I) 
show that the method is accurate to within 10 per cent and has a practical 
range down to 0.2 mg., or 2 mg. per cent of acetopyruvie acid. 

The method was found to be fairly specific; the following compounds 
when added in a concentration equal to that of acetopyruvie acid in urine 
filtrates showed no interference greater than the observed experimental 
error of the method: lactic, pyruvic, 6-hydroxybutyric, succinic, malic, 
oxalacetic, fumaric, acetoacetic, citric, malonic, acetic, butyric, uric, hip- 
puric, and caprylic acids, leucine, arginine, glycine, creatinine, urea, and 
sodium 8-glycerophosphate. 

In cases in which glucose or carbohydrate is known to be absent, ether 
extraction is obviously not necessary. 

The method is naturally subject to the limitations of the oxalic acid 
method used, but it was found to be adequate for the studies reported. It 
is not sensitive enough to detect the presence of any naturally occurring 
acetopyruvic acid in blood, if the compound indeed occurs in blood. 

Toxicity of Acetopyruvie Acid—-The administration of approximately 
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isotonic solutions of sodium acetopyruvate in moderate amounts by the 
intravenous, intraperitoneal, and subcutaneous routes, as well as by stom- 
ach tube, to various laboratory animals produced no toxic signs 

Amounts up to 0.5 gm. of the sodium salt could be given to rats by stom- 
ach tube in 5 to 10 per cent solution without signs of damage to stomach or 


intestinal mucosa or any gross toxic manifestations. Oral administration 


TABLE | 
Determination of Acetopyruric Acid in Pure Solutions and in Blood and Urine 
The solutions used were made up accurately by weight; the blood and urine analy- 
ses were pe rformed on defibrinated blood and fresh urine to W hich had been added 
accurate ly weighed amounts of acetopyruvic acid slank determinations of pre 
formed oxalic acid have been subtracted from the figures given below 


Weight of acid in 10 ml. aliquot used Acid four } 
mM £ 7”; r cer 
Pure solutions 2.60 2.51 3.5 
? 60 2.54 2.2 
1.95 2.04 i. 
1.95 1.9] 2 0 
1.30 1.36 $5 
1.30 1.35 3.8 
0.81 0.84 3.5 
0.81 0.84 +35 
0.40 0.38 5.1 
0.40 0.34 4,4 
0.13 0.10 92 0) 
0.13 O.11 9 0) 
Blood 2.60 2.72 +4.2 
1.95 2.01 3.0 
1.30 1.34 2.7 
0.8] 0.80 1.4 
0.40 1.30 2.4 
0.10 0.08 20.0 
Urine 2 60 2 61 -O.5 
1.95 1.08 ® 
1.30 1.34 +3. 1 
1.30 1.30 0.0 


of the free acid in 5 per cent concentration produced definite erosion and 
hyperemia of stomach mucosa. This was expected, however, since the pH 
of such a solution is approximately 1.3 

The intravenous administration of more concentrated solutions of sodium 
ucetopy ruvate (7.e. 20 ml. of a5 per cent solution) to dogs or rabbits over a 
period of a minute evoked respiratory distress, increased heart rate and 


hlood pressure, and sometimes resulted nm COTY LLISIONS. follo ved by death. 


On 
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This untoward reaction may be associated with the fact that aceto- 
pyruvic acid apparently binds calcium ions in complex form (1) and also 
forms an insoluble salt with calcium (3); other hazards of the intravenous 
route are well known. However, in less concentrated solutions these effects 
were at a minimum. It should be stated also that the presence of a yellow 
or brown impurity in the crystallized acetopyruvie acid invariably resulted 
in convuisions and respiratory distress. 

It was concluded that the pure compound is non-toxic in moderate doses. 
kxcretion of Acetopyruvie Acid after Its Administration to Animals 
Known amounts of sodium acetopyruvate were given to rats by stomach 
tube, guinea pigs by intraperitoneal injection, and to a dog by stomach 
tube after a preliminary fasting period of 24 hours. Analyses of the urine 
collected from the animals in metabolism cages and preserved with 
toluene) of the two subsequent 24 hour periods were performed for excreted 


TABLE II 


Excretion of Administered Acetopyruvic Acid 


Exper Average Excreted Per 
xperi _ , nt 

ment Anima!* Weight Route Dose total acetopyru cen 

\ urinary vic acid in ex 
N 48 hrs. creted 


gm. per gm. per 


gm. ke day gm 
Rat (4 150-202 Oral 0.50 0.087 0.0031 3.5 
3 152-193 0.080 
2 (;uinea pig (4 350-407 Intraperitoneal 0.25 0.131 0.0023 2.4 
‘ j 361-401 0.137 
3 Dog (1 2410 Oral 0.50 1.89 0.0210 3.3 
l 2590 2.01 


* The figures in parentheses refer to the number of animals in each group. 


acetopyruvie acid. Only water was allowed during the 3 day period. 
Total nitrogen was determined by the Kjeldahl procedure. Urines of 
control animals were similarly examined. The results are shown in 
Table IT. 

In another series of experiments, conducted on rats, the influence of 
fasting on the excretion of acetopyruvie acid was studied. The rats were 
given 250 mg. of acetopyruvic acid (as the sodium salt) by stomach tube 
per day (in four divided doses) for 6 days. On the Ist and 2nd days they 
received water and standard Purina chow ration ad libitum; on the 4 
succeeding days, only water. The urines were collected and analyses of 
acetopyruvie acid excretion performed on the daily urine of each rat, as 
well as of control rats. These data are shown in Table III. Recovery of 
administered acetopyruvic acid in no case amounted to more than 4 per 
cent. On fasting, the amount excreted increased gradually. 
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There was no imbalance in nitrogen metabolism as evidenced by urinary 
total nitrogen. Also, there was no evidence of detoxication; acid and basie 
hydrolysis at 100° produced no substantial change in oxalic acid values, 
Extraction of the pooled and hydrolyzed urines with ether revealed no 
unexpected constituents nor was there any evidence of abnormal excretion 
of lactic, pyruvic, and glycuronic acids or glycine as revealed by qualita- 
tive tests 

The question arose as to whether acetopyruvic acid was broken down by 
either the tissues or by intestinal microorganisms to oxalic acid, since the 
compound can be degraded in this manner in strongly alkaline solutions, 
Simultaneous determinations of oxalic acid, in this case, should vield some 
information about this possibility. The “blank” determination of oxalic 
acid used in the determination of acetopyruvie acid obviously does not 


give any measure ol the total preexisting oxalic acid, since most of it has 


rasie III 
Excretion of Administered Acetopyruvic Acid by Rats on Normal Di mud in Fasting 
250 mg. of acetopyruvic acid were given in four divided doses per rat per day by 
stomach tube and the daily urinary excretion determined 
Per 
Tota 
. ered ta 
I t stered 
an 
; 
em 
0.1 0.1 0.1 0.0 1.9 3.0 0.078 
9 0.0 0.2 0.0 0.2 .-F _ 0.063 
; 0.3 0.4 0.2 0.5 0.7 1.5 0.054 
been separated in the course of the ether extraction Therefore, separate 


determinations of preexisting oxalic acid were made by the Merz and Mau- 
geri method, the calcium oxalate being precipitated at pH 5 in order to 
avoid simultaneous precipitation of calcium acetopvruvate, which begins 
at pH 6 

Determinations of oxalic acid and acetopyruvic acid on the urines ol 
control rats and rats given acetopyruvic acid, under the same conditions 
as the experiments in Table II, were performed. The results, on a series 
of four animals in each group, showed that the controls excreted between 
(0.2 and 0.9 mg. of oxalic acid over the 48 hour period, but no measurable 
amount of acetopyruvie acid. The rats receiving acetopyruvic acid ex- 
creted between 0.4 and 3.7 mg. of oxalic acid and between 2.9 and 4.2 mg. 
of acetopyruvic acid over the 48 hour period. It is clear that the adminis- 
tration of acetopyruvie acid results in a small increase in oxalic acid 
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excretion. ‘This increase amounts at the most to about 2.5 per cent of the 
oxalic acid that could be formed from the acetopyruviec acid given. Since 
administered oxalic acid is largely excreted by the rat (6), it is not likely 
that any great amount of oxalic acid is formed from acetopyruvic acid. 

A similar experiment to test completeness of absorption from the intes- 
tine and also to determine the possibility of the production of oxalic acid 
from acetopyruvic acid by intestinal flora was performed. Two rats (150, 
176 gm.), previously fasted for 24 hours, were given 1 gm. per kilo of body 
weight of sodium acetopyruvate in 0.25 mM concentration by stomach tube. 
The rats, along with two control rats (given an equivalent amount of so- 
dium bicarbonate) were sacrificed 12 hours later and the entire alimentary 
canal washed out with warm 0.01 N H.»SO,. The washings were treated 
with trichloroacetic acid, made up to volume, and analyzed for oxalic 
acid and acetopyruvie acid. The control animals showed 2.1 and 1.7 mg. 
of oxalic acid for the entire intestinal contents and no demonstrable aceto- 
pyruvic acid. ‘The rats receiving acetopyruvie acid showed 2.9 and 2.2 mg. 
of oxalic acid and 4.2 and 6.9 mg. of acetopyruvie acid. Little if any 
oxalic acid is found in excess of the control values. Only about 3 per cent 
of the acetopyruvic acid given remained in the alimentary canal 12 hours 
after administration. 

As a corollary experiment, the rate of removal of acetopyruvic acid from 
the blood stream of dogs was also studied, following intravenous injection. 
Description of a typical experiment follows. <A bitch weighing 5.6 kilos 
was given 1.00 gm. of sodium acetopyruvate in 2 per cent solution intra- 
venously over a period of 5 minutes. There was some respiratory distress. 
Blood samples were removed at 0, 0.5, 1.0, 1.5, and 2.0 hours and deter- 
minations of acetopyruvic acid and pyruvie acid (7) performed. Curves 
showing the drop in blood acetopyruvate and the increase in the blood 
pyruvate, and a typical curve of lactic acid removal for the purpose of 
comparison are given in Fig. 1. Acetopyruvie acid does not interfere 
measurably with the determination of pyruvic acid used (acetopyruvic 
acid forms 1-(2,4-dinitrophenyl)-5-methylpyrazole-3-carboxylic acid with 
2,4-dinitrophenylhydrazine (3), which is not appreciably extracted by 
sodium carbonate solution from ethyl acetate). 

The rate of removal of acetopyruvic acid from the blood is apparently 
quite comparable to the rate of removal of lactic acid, a true metabolite. 
The increase in blood pyruvic acid was small but consistent in four experi- 
ments and possibly indicates a conversion of acetopyruvic acid to pyruvic 
acid. There was no measurable increase in blood oxalic acid after injec- 
tion of the acetopyruvate. 

Ketogenesis from Acetopyruvic Acid—In their in vitro study, Krebs and 
Johnson demonstrated that acetopyruvie acid is ketogenic with tissue 
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slices. It seemed desirable to determine whether and to what extent 
ketogenesis takes place in vivo. 

The technique used resembled that « mployed by Deuel and associates (8), 
Fight female rats, weighing from 200 to 250 gm., were divided into two 
groups. The animals were maintained on a normal stock ration for the 
first 2 days, followed by a 4 day fasting period. The dailv urines were 
collected in metabolism cages. At the end of 24 hours of fasting 5 ml. of 
0.25 mM sodium acetopyvruvate were given by stomach tube to the rats ol 


one group; this dose was repeated at 39, 48, 64, 72, 84, 96, and 108 hours 


‘ 
Ketone body analy ses ol the urine were made by the method of Van 
Sly ke (Y Acetopvruvic acid Was also determined The ketone body 


analyses had to be corrected by subtraction of blank ketone analvses of 


T 

Fic. 1. Removal of acetopyruvie acid from the blood of the dog & with simul 
taneous increase in blood pyruvic acid showing also a t) pric il curve of lactis acid re 
moval from the blood. Curve A, lactic acid; Curve B, acetopyruvie acid; Curve | 


pyruvie acia 


solutions of acetopyruvic acid made up to correspond to that concentra 
tion known to be present in each sample, since acetopvruvic acid in part 
hydrolyzes to acetone and calcium oxalate in Van Slyke’s copper-lime 
treatment 

The data, in Table IV, show that a fasting ketosis is greatly augmented 
by the administration of acetopvruvic acid. There was no ketonuria from 
acetopyruvic acid when the animals were on a normal diet 

The Question of Glycogenesis from Ace topyruvic Acid t seemed desirable 
to determine whether acetopyruvic acid forms liver glycogen in fasting rats. 

Female rats about 3 to 4 months of age were fasted for 48 hours and di- 
vided into two groups. ‘The animals in the experimental group were given 
4 ml. of 0.30 mM sodium acetopyruvate solution at 0, 4.5, 10, 21, 30, 34, and 
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{0 hours. The control rats received equivalent amounts of sodium bicar- 
honate in an identical manner. At 46 hours the rats were weighed and 
given 90 mg. per kilo of sodium amytal intraperitoneally. After 30 
minutes, the livers were quickly removed and weighed and liver glycogen 
determined by the method of Good, Kramer, and Somogyi (10); the sugar 
titration of Shaffer and Hartmann (11) was used. 

Parallel experiments were run on ethyl acetopyruvate and glucose, which 
were given in a single dose at 38 hours. The ester (0.25 gm.) was given 


TABLE IV 
Ketogenesis from Acetopyruvic Acid 
Acetopyruvic acid was administered as described in the text and the daily excre- 
tion of ketone bodies as well as acetopyruvie acid was determined. Total ketone 
bodies are expressed as mg. of acetone excreted per rat per day, acetopyruvic acid as 
mg. excreted per rat per day. The figures in parentheses are the corrections which 
had been subtracte d from each ketone figure due to interference of acetopyruvic 


icid (in terms of mg. of acetone per rat per day 


Ketone body excretion Acetopyruvic acid excretion 
Weight Norma Fasting Normal Fasting 
3rd aie ies aad 6th da) ist 2nd ird sth Sth 6th 
Ly lay — “—~ wlio day day day day day day 
Controls 
m 
953 0.0 0.0 0.30 0.71 1.72 240 0.0 0.0 0.1 0.0 0.0 0.0 
240 0.0 0.1 0.39 O.89 1.91 2.62 
261 0.0 0.1 | 0.42) 1.12 2.42 2.82 
(Animals receiving acetopyruvie acid 
270 0.0 0.0 0.39 2.20 16.9 24.2 0.0 | 0.0! 0.0 | 3.9 | 2.5 | 6.4 
0.90 2.3 (4.1 
239 7.0:0.0 | 0.23| 2.40 14.8 16.0 0.0 | 0.0 | 0.1 | 3.1 '.2 | 8.9 
0.59) 1.9) (3.4) 
48 0.110.0)0.90 » 10 17.0 15.0 0.0 | 0.1 | 0.1 | $.2 | 2.3 1 7.2 


suspended in 5 ml. of water; the dose of glucose was 5 ml. of a 20 per cent 
solution 

The collected data are given in Table V. 

As expected, there was no significant increase in per cent of liver glycogen 
after administration of acetopyruvate over control values, showing that 
there is no appreciable formation of liver glycogen under these conditions 
from acetopyruvie acid. The ethyl ester likewise was not glycogenic; 


glucose produced the expected increase in glycogen. 
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In order to check this observation under widely different conditions, 
some experiments on the protective action of acetopyruvic acid against 
death by insulin hypoglycemia were performed. MacKay and his asso- 
ciates have used this method with success in testing the glycogenic action 
of citric acid (12). 

Female rats, 3 to 4 months of age, were fasted for 24 hours. They were 
then given 10 units of insulin (Lilly’s iletin U-40) subcutaneously per sq. 


TABLE V 


Liver Glycogen Level in Fasting Rats after Administration of Acetopyruvie Acid 


Body weight I r glycogen 
Experiment No No 
‘ 4 
M Averare | Max M 4 Max 
gm em gm per en ber en per ceni 
1. Controls 2 193 210 221 0.05 0.12 0.25 
2. Acetopyruvic acid 9 19] 212 230 0.05 0.11 0.21 
3. Ethyl ester i 189 217 231 0.04 0.09 0.23 
$. Glucose } 193 210 29Q 0.79 0.89 1.02 
Taste VI 
Pre te ‘ { not Acet Diy { id ag ? t Ir lin Hy } yl r I 
Expe tN Ne B B rf I 
‘ ! veig 
| 
m q. dm i 
l Controls 12 158 LOS 3.30-3.89 5.5.5 1. fh 3. 6.3 2. @ e 6 Ss 


6.0,6.5.6 i 5.0. 4.8% iverage 


166-196  3.40-3.78 | 7.8, 8.3, 8.5, 7.5, 10.0, 10.9, 


11.0, 11.8, 10.6, 14.2; average 


2. Acetopyruvie acid ] 


10.1 > CO” 
3. HC! (same pH is } 190-200 3.74-3.89 1.3, 4.3, 4.4, 4.6; average 4.4 
acetopyruvic 
acid given 
* The standard deviations of these observations are included 


dm. of body surface (13) at 0 hour. The experimental animals were then 
given 1.0 ml. of 0.25 mM acetopyruvie acid per sq. dm. of body surface by 
stomach tube at 1.5 hours. A control group received water, and another 
group, 1.0 ml. of 0.052 n HCI (same pH as acetopyruvic acid) per sq. dm. 
of body surface at 1.5 hours to control the high acidity of the acetopyruvie 
acid as a factor. The time of death of the animals was noted. The data 
are given in Table VI 

It is clear from the data that there is a definite prolongation of life. 
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Actually, the high acidity of acetopyruvic acid may have obscured a poten- 
tially greater prolongation of life. The relief was quite noticeable on obser- 
vation of the animals. The protective action of some compounds against 
insulin has been interpreted as due to the formation of glucose, which 
relieves the hypoglycemic condition, and hence the protective action may 
be a criterion of the sugar-forming ability of the compound administered. 


DISCUSSION 


Although it is not known whether or not acetopyruvie acid actually is 
formed as an intermediate in mammalian tissues, the suggestive data of 
Krebs and Johnson, supplemented by the data here reported, show that 
the compound is metabolically very active and conforms to other criteria 
of a true metabolite; namely, rapidity of utilization, and conversion into 
other known true metabolites, such as the ketone bodies and_ possibly 
pyruvic acid or glucose. 

A very interesting possibility is also suggested by the data here reported. 
If acetopyruvie acid is an intermediate in the synthesis of 2-carbon frag- 
ments into ketone bodies (14), then the circumstances of the subsequent 
metabolism of acetopyruvie acid may in part reflect the terminal metabo- 
lism of fatty acids. ‘This possibility has been discussed by Witzemann (15) 
and it seems unnecessary to reproduce here the ideas developed in his 
publication. 

The non-formation of glycogen in fasting and the protective action 
against insulin hypoglycemia present an anomalous situation. The ex- 
planation may lie in two different mechanisms of breakdown, which may 


exist under these two different metabolic conditions: 


Ketosis—CH;,;COCH.COCOOH —+ CH,COCH.COOH + CO, 
Ketone bodies 
Hypoglycemia—CH,.COCH,COCOOH —> CH,COCOOH + 2CO, — glucose 
Pyruvie acid 


It is interesting that this behavior might have been predicted from the 
results of the oxidation of acetopyruvie acid by potassium permanganate 
m vitro which were previously reported (3). 

This situation is not entirely novel; Butts ef a/. (16) have reported that 
isoleucine is also both ketogenic and glyeogenic. The similarity in strue- 
ture of isoleucine and acetopyruvic acid is striking. 

Facilities were not available for a more complete study of liver glycogen 
formation, such as the studies of MacKay and associates (17) on the time 
factor in glycogen formation. Further study of this point may be desirable. 
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SUMMARY | 


1. Acetopyruvic acid is non-toxic in moderate doses and is easily ab- 
sorbed from the alimentary canal. Onlv a very small percentage of the 
compound can be recovered from the urine after its oral or parenteral 
administration to laboratory animals. After intravenous injection of the | 
compound the rate of its removal from the blood stream is comparable to | 
that of injected lactic acid. There is a small rise in the concentration of 
pyruvic acid in the blood after injection of acetopyruvic acid 

2. The compound is ketogenic in the fasting state; 1t does not form 


liver glycogen under these conditions. 


3. \cetopyru\ ic acid shows a protective action against death bv insulin 
hypoglycemia, suggesting a possible conversion to glucose during a critical hy 
demand on blood sugar. ti 

!. The possible réle and apparent pathways of metabolism of acetopyru- | is 


Vic acid are pointed out 
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THE RELATION OF THE DIET TO THE COMPOSITION OF 
TISSUE PHOSPHOLIPIDS 
I. THE NORMAL COMPOSITION OF LIVER AND MUSCLE LIPIDS OF 
THE RAT, WITH A NOTE ON THE ANALYTICAL PROCEDURES* 


By CAMILLO ARTOM anv WILLIAM H. FISHMAN 


(From the Department of Biochemistry, Bowman Gray School of Medicine, Wake Forest 
College, Winston-Salem, North Carolina) 


(Received for publication, February 11, 1943) 


As phospholipids are fundamental constituents of living systems, it may 
be reasonably assumed that the normal composition of phospholipids in 
tissue is essential for the well being and the proper functioning of the organ- 
ism. Therefore, a study of the dietary factors which may be involved in 
the maintenance of such a normal composition would appear to be impor- 
tant from the nutritional view-point. However, in this respect the present 
information is at best only indirect or fragmentary, possibly because pre- 
vious investigators' have been chiefly concerned with the formation of 
phospholipids and their rédle in the transport and intermediary metabolism 
of fatty acids. Moreover, in most cases the total phospholipids alone have 
been evaluated. Only a few data on the choline content of the liver (4, 5) 
or of extracts of liver lipids (6, 7) were reported. 

We have undertaken a systematic study of the relation of the diet to 
the composition of tissue phospholipids of rats. For such a study, a rather 
complete knowledge of what may be considered the “normal composition” 
is essential. In this connection the available data appear to be inade- 
quate, especially in so far as individual phospholipids are concerned. 

Accordingly, standard procedures have been combined and modified in 
a scheme of analysis which was intended to give the greatest possible 
amount of information and still be compatible with routine work. With 
this scheme, a series of determinations was made on rats’ 2 to 3 months old 
maintained on a mixed diet adequate for growth and health. Values were 
obtained for total phospholipids, choline-containing and non-choline-con- 


* Aided by grants from the Dazian Foundation for Medical Research and from 
the John and Mary R. Markle Foundation. 

! For a complete bibliography, the reader is referred to the articles on fat metabo 
lism in the ‘‘Annual review of biochemistry’’ and to other review papers (1-3). 

?It seemed that ‘normal values’’ obtained from these animals would not be 
affected by the previous dietary history, as may be the case in recently weaned rats. 
On the other hand, any fundamental change in the composition of tissue phospho 
lipids caused by an experimental diet would possibly appear sooner in growing 
animals than in the mature adult 
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taining phospholipids, sphingomyelins, non-phospholipid fatty acids, and 
unsaponifiable matter. For our analyses, liver and skeletal muscle were 
chosen, as the phospholipids of these two tissues show different rates of 
metabolism and might also have dissimilar physiological réles, at least part 
of the phospholipids in the liver being “‘lipometabolic,” whereas those in 
the muscle are probably of the ‘‘protoplasmic” or structural type (8, 9). 


EXPERIMENTAL 


Male albino rats of the same strain were raised on a stock diet to about 
125 gm. This diet,’ of both animal and vegetable origin, contained 25 
per cent protein, 5.5 per cent fat, 4 per cent carbohydrate, 11.25 per cent 
ash, and adequate amounts of vitamins. With such a diet, rats of between 
90 and 125 gm. exhibited an average daily gain in weight of about 4.0 gm. 

The animals were killed by decapitation. The liver and the muscles of 
the hind legs (freed as completely as possible from visible fat and nervous 
tissue) were each divided into two portions and minced under alcohol. One 
sample (1.5 to 2.5 gm. of liver, 2.5 to 4.0 gm. of muscle) was used for the 
choline, phosphorus, and sphingomyelin determinations, the other for the 
evaluation of the total fatty acids and unsaponifiable matte: 


Ve thods 


Extraction of Lipids—The sample, dehydrated by alcohol, was ground in 
a mortar and extracted with several portions, first, with boiling aleohol and 
next with alcohol-ether (2:1). The filtered extracts were reduced by 
evaporation on the water bath to a few ce. and the residue dried under a 
stream of nitrogen in a vacuum desiccator at 45°. The dried residue and 
the corresponding tissue remaining after extraction were treated with hot 
chloroform, the chloroform mixture filtered, and the filtrate brought to a 
definite volume 

The effectiveness of the extraction process was verified (a) by the close 
agreement of phosphorus and fatty acid values in extracts prepared either 
by the procedure described or by extracting another sample of the same 
tissue with boiling alcohol for 8 hours in a continuous extraction apparatus 
of the Kumagawa-Suto type or (b) by submitting the tissue, after extrac- 
tion of the lipids, to a direct saponification with NaOH in alcohol. The 
residual fatty acids usually represented less than 1 per cent and never more 
than 2 per cent of the total fatty acids present in the extracts. 

Total Phospholipids-—TYhese have been evaluated from their phosphorus 
rather than from their fatty acid content because of the greater convenience 
of phosphorus determinations in routine analyses. However, the calcula- 


* Rockland rat diet (complete), supplied by the Arcady Farms Milling Company, 
Chicago. 
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tion of total phospholipids on the basis of the thecretical amounts of phos- 
phorus in pure phospholipids would have been incorrect, as noticeable 
amounts of phosphorus-containing substances, other than phospholipids, 
are present in lipid extracts prepared from animal tissues (10). Such 
contaminating substances, although to a large extent precipitable by ace- 
tone + MgCh, do not contain fatty acids (11, 12). 

With the object of evaluating an empirical factor for the ratio of the 
phospholipids to phosphorus, the phosphorus was first determined on a 
fraction of the chloroform extract by Tisdall’s method (13), the indications 
given by Kirk (14) being followed. On another portion, three successive 
precipitations with acetone + MgClk were made, and the fatty acids of the 
precipitate determined acidimetrically with a semimicroprocedure, pre- 


TABLE | 
Ratio of Phospholipids to Phosphorus in Lipid Extracts from Rat Tissues 


Fatty acids in Corrected factor 


Tissue acetone + MaCl: cyloroferm wohtion Phospholipids” 
ppt meg. P 
mM me 
Liver (whole organ 0.224 4.02 23.1 
$4 “a a 0).242 4.50 22.3 
0.335 5.81 23.9 
0. 266 5.18 21.3 
0.377 6.77 23.1 
Muscle (10 gm 0.226 3.94 23.8 
‘ ~~ * 0.258 4.84 22.1 
6 0.229 4.11 23.1 
1° 0.226 4.34 21.6 
Average wi 22.70+0.9 


* Millimoles of fatty acids X 280 X 100/67.5. 


viously described (15). From the fatty acids, the total phospholipids were 
calculated, assuming an average content of 67.5 per cent fatty acids in 
tissue phospholipids (corresponding to a mixture of about 93 per cent 
monoaminophospholipids and 7 per cent sphingomyelins). 

The ratio of total phospholipids to phosphorus is rather constant, as 
shown in Table I. The average value 22.7 has, therefore, been adopted in 
all our experiments for calculating the total phospholipids from the phos- 
phorus content of the chloroform solution. 

Choline-Containing and Non-Choline-Containing Phospholipids—Choline 
phospholipids (lecithins and sphingomyelins) have been evaluated from 
the choline content of the chloroform extracts. Non-choline phospholipids 
(“cephalins’’) were estimated by difference between the total and the cho- 


line-containing phospholipids. 
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For the choline determinations, an aliquot of the chloroform solution, 
after removal of the solvent, was refluxed for 3 hours with 5 cc. of a 6 n 
solution of HC] in methanol (16) and the methanol removed under reduced 
pressure at 55°. The residue, thus obtained, was dissolved in 5 ce. of 
water and filtered and the volume of the filtrate noted. Unlike Erickson 
et al. (17), we obtained perfectly clear filtrates by the use of properly pre- 
pared asbestos filters. Choline was then precipitated as the enneaiodide 
and the precipitate separated and washed as described by Erickson et al. 
(17). Finally the precipitate was dissolved in chloroform, titrated with 
0.005 N thiosulfate solution, and the amount of choline and choline phos- 
pholipids calculated according to Kirk (14 

Sphingomyelins—-An aliquot of the chloroform solution was evaporated 
to dryness, redissolved in | ec. of methanol, and the sphingomyelins pre- 
cipitated with an acid solution of Reinecke salt (Eimer and Amend), the 
phosphorus content of the precipitate finally being determined. For the 
precipitation, washing, and re-solution of the precipitate, the directions 
given by Erickson et al. (17) were followed. 

However, unlike the results obtained by these authors, when the rein- 
eckate obtained from the liver and muscles of rats, after being washed with 
cold methanol and ether, was further washed with cold acetone, we obtained 
considerably lower values for the sphingomyelin phosphorus \ similar 
observation has been reported by Hunter (18) in the course of sphingo- 
mvelin determinations in the tissues of cats 

In addition, comment on another point is necessary All authors who 
have used Reinecke acid as a precipitating agent for sphingomyelins (16-22 
have admitted implicitly that by washing the precipitate with ether the 
complete elimination of all lipids other than sphingomyelins would be at- 
tained. Such an assumption is questionable.. Partially oxidized lecithins 
and cephalins, which probably appear in the extract during the various 
manipulations, mas be very poorly soluble in cold ether Inasmuch as 
these substances would be redissolved with the sphingomyelin reineckate 
in the final treatment with hot methanol-acetone, values in excess of the 
true sphingomyelin phosphorus present would be obtained 

In an attempt to avoid this possible cause of error, the Reinecke precipi- 
tate was washed with chloroform, in which even partially oxidized phos- 
pholipids are easily soluble. Control experiments, in which the Reinecke 
salt was determined as HSCN;* have given the following indications: 
(a) the acetone-soluble portion of the Reinecke precipitate is completely 
soluble in chloroform; (6) no further Reinecke acid is removed when the 


precipitate, first washed with methanol and acetone, is subsequently washed 


‘In these determinations the solvent was distilled off and the dry residue boiled 


with dilute NaOH. After acidification with HCl, the HSCN was oxidized with a 
on 


bromate-bromide solution and the excess bromine evaluated iodometrically 
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with chloroform; (c) even after previous washing of the precipitate with 
methanol, ether, and acetone, slight but definite amounts of phosphorus 
may still be dissolved with chloroform. 

The above statements have been further substantiated in the following 
experiment. The Reinecke precipitates obtained from the lipid extracts 
of twelve samples of rat muscles were first washed with ice-cold methanol, 
then with chloroform. The methanol washings were discarded. The 
chloroform solutions were pooled, the solvent distilled off, and the dry 
residue treated first with ether, then with acetone, and finally with chloro- 
form, equal volumes of solvents (about 20 ec.) being employed. 

In the (a) ether-soluble, (6) acetone-soluble, ether-insoluble, (c) ether- 
and acetone-insoluble fractions of the chloroform washing, and in (d) the 
washed Reinecke acid precipitate, the following values were obtained for 
phosphorus and Reinecke acid (as HSCN): P (a) 1.41, (b) 1.00, (e) 0.10, 
and (d) 0.35 mg.; HSCN (a) 0.04, (6) 2.25, (c) 0.00 mg. 

On the basis of these results, and with the assumption that only the 
acetone-insoluble fraction of the precipitate corresponds to the sphingo- 
myelin reineckate (16), in our analyses the Reinecke precipitate has been 
washed with six | ce. portions of ice-cold methanol, then with six 1 ec. por- 
tions of cold chloroform, and finally dissolved in hot methanol. The mg. 
of phosphorus in the solution were multiplied by 25 to obtain the amount 
of sphingomyelins. 

Von-Phospholipid Fatty Acids and Unsaponifiable Matter—Some refine- 
ments have been introduced in the analysis of total fatty acids by a simpli- 
fied (15) Kumagawa-Suto (24) procedure. To the sample of minced tissue 
in alcohol 5 ee. of 40 per cent NaOH solution and later 10 ec. of water 
were added. After saponification on a steam bath in an open beaker, the 
mixture was acidified with HoSO, and extracted with ether. After removal 
of the solvent, the residue, dried at 55°, was dissolved in petroleum ether 
and filtered through asbestos into a weighed Erlenmeyer flask. The fil- 
trate was taken to dryness and the residue, corresponding to the fatty acids 
and unsaponifiable matter, was weighed. This material was then dis- 
solved in neutral alcohol, boiled with an excess of standard NaOH solution, 
and titrated back, with 0.1 N or 0.025 N HCI, as previously described (15). 

In order to calculate the amount of fatty acids from the titration figures, 
the value of the mean molecular weight of fatty acids present in rat tissues 
was required. Accordingly, a series of determinations on pooled samples 
of the liver and muscle of several rats was made. The fatty acids were 
titrated and their amount obtained by the difference between the weight 
of the petroleum ether extract and the weight of the unsaponifiable matter 
extracted and purified according to Kumagawa and Suto (24)). A few 
analyses have also been made on the tissues of rats kept on choline-deficient 
diets, the livers of which showed marked fatty infiltration. 
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On the basis of these determinations (Table I1), the following values for 
the mean molecular weight of the fatty acids were adopted in converting 
our titration figures to weights of the total fatty acids: 273 for livers con- 
taining only moderate amounts of lipids, 280 for livers containing more 
than 100 mg. of fatty acid per gm. of tissue, 265 for the skeletal muscles, 

Non-phospholipid fatty acids were estimated by subtracting the caleu- 
lated weight of the phospholipid fatty acids (67.5 per cent of the total 
phospholipids) from the weight of the total fatty acids. The unsaponifiable 
matter was obtained bv difference between the weight of the petroleum 


TABLE II 


Vean Volec ilar Weights of Total Fatty Acids in Liver and V uscle of Rats 


No. of Fatty acid Total petrol U fiabl Fatty acid Mean mol 

lissue amples nil gem eum ether we ry ” titration wt. of fatty 
pooled wet tissue extract sone 0.1 N NaOH ac + 

m me me 

Liver () 32.2 636.2 69.2 20.80 272.6 
3 13.9 176.5 39.0 16.00 273.4 

{ 19.7 737.8 58.8 25.00 271.6 

Average 272.5 
Liver | 119.0 136.0 30.5 14.65 276.8 
3 126.1 1412.9 60.3 17.70 283 .6 

2 IS1.5 1692.2 13.7 58.75 280.6 

Average IRD 3 
Musele 6 19.9 333.9 29.2 11.60 262.7 
1 20.1 267 .1 22.8 9.20 265.5 

5 35.7 921.3 31.3 22.05 267 .6 

Average 265.3 


ether extracts and that of the total fattv acids, calculated from the titra- 
tion data. 

Total Lipids —These were evaluated as the sum of the total phospho- 
lipids, the unsaponifiable substances, and the glycerides (non-phospholipid 
fatty acids plus one-tenth of their weight to account for the glycerol 
component 

Limits of Error of Methods -The analytical error in our methods, as 
estimated by duplicate determinations, usually did not exceed the follow- 
ing limits: 2.5 per cent for analyses of phosphorus, 4.0 per cent of choline, 
and 2.0 per cent of fatty acids. The limits of error for non-choline phos- 


pholipids and unsaponifiable matter, obtained through calculation by dif- 
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ference, Were greater, but generally not in excess of 10 per cent. Duplicate 
analyses were almost always performed for choline and very frequently 
also for phosphorus. 

TaB.e IIL 
Lipid Fractions in Liver of Rats on Stock Diet (Values for 1 Gm. of Lipid-Free Tissue) 


Phospholipids ; 
1. Non- Unsaponi- 
Rat Body Liver rotal phospho Gs pi 2 
No weight weight lipids Non- Sphin- | lipid fatty moves 
Total Choline-containing  choline- | gomye acids — 
containing lins 
per cent 
um m mi mi me total phos me me. me me. 
pholi pids 

l 113.2 | 5.33 | 47.0 | 34.2 | 21.4 62.6 12.8 5.6 6.6 
2 134.0 | 7.47 | 44.9 | 37.4 | 21.7 | 58.0 15.7 2.8 4.4 
3 132.8 | 5.24 46.4 30.1 17.9 59.5 12.2 11.6 3.5 
{ 131.3 | 5.60 | 47.1 | 36.0 | 24.3 67.5 11.7 3.6 7.1 3.3 
5 133.7 6.09 | 44.0 30.0 19.5 65.0 10.5 6.8 8.2 5.0 
6 113.0 1.46 44.2 34.9 | 19.0 54.4 15.9 0.1 5.3 3.5 
7 119.0 4.78 45.6 | 30.4 | 16.9 | 55.6 13.5 +.7 10.5 3.6 
S 121.0 , 5.10 44.6 32.8 | 18.8 57.3 14.0 3.2 ip 3.2 
of) 130.7 5.47 65.5 33.7 19.4 57.6 14.3 0.2 23.0 6.5 
10 125.5 | 5.70 | 51.2 | 36.0 | 23.0 63.9 13.0 0.7 10.0 4.2 
\verage is. ] $3.6 20.2 60.1 13.4 2.8 9.2 $4 

Standard devia 
tion +6.1 4+2.5 42.6 34.1 t1.6 +2.4 +5.2 +1.2 


TABLE I\ 
Liver Lipids Calculated for 1 Gm. of Lipid-Free Tissue or for Whole Organ of 
125 Gm. Rat 


Phospholipids 
Non-phos- Unsaponi 


lotal ; 

me pholipid fiable 

lipid Total Choline Pie 3 fatty acids matter 

containing -ontaining 

For 1 gm Averages, mg 1s. 1] 33.6 20.2 13.4 9.2 4.4 

moist lipid s.p., % +12.7 +7 .7 +12.9 +11.9 +56.5 +27.3 
free liver 

For whole Averages. mg 250.4 176.8 106.2 70.6 16.8 22.6 

liver of 125° s.v., % $14.5 +16.1 t18.6 +13 .4 $53.4 +38 .0 

gm. rat 
Results 


Values for | gm. of moist lipid-free liver? obtained from ten normal rats 
(113 to 133 gm.) on our stock diet are recorded in Table III. These ana- 
* Lipid-free tissue equals the weight of moist tissue minus the weight of the total 


lipids present 
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lytical data have also been calculated for the whole liver and referred to a 
rat weighing 125 gm. A comparison between the averages and the per 
cent standard deviations of the two groups of values is shown in Table IV. 
It is apparent that in the liver the concentration of the total and choline 
phospholipids in 1 gm. of lipid-free tissue is more constant than their 
amount calculated for the whole liver of a 125 gm. rat, while total lipids 
and non-choline phospholipids exhibit about the same moderate degree of 
variation. Thenon-phospholipid fatty acids and the unsaponifiable matter 


show considerable variation when the results are expressed in both ways. 


TABLE \ 
Lipid Fractions in Muscle of Rats on Stock Diet (Values for 1 Gm. of Lipid 
Free Tissue 


Phos [ N 
| [ ipon!: 
Ra a Nor hable 
Tota { line M 1 atter 
ta 
er cen 
” r pi ” ” ”, m 
Droit pid 
i 29.1 10.6 9.3 50.0 5.3 13.7 3.4 
2 22.4 10.5 5.4 51.4 5.) S.6 94 
268.6 10.3 6.0 58.2 t.3 13.0 2.0 
| IS.9 10.2 5.3 52.0 1.9 0.2 6.9 1.1 
) °20.1 10.2 ».2 51.0 5.0 0.1 § 2 0.4 
t ut 1] ) 2 16.1 6. ] ( } 7 ) ou 
7 21.¢ 11.4 6.1 91.3 5S U.2 SO) 0.4 
S 10.2 11. 6.7 yaw } TF 923 8 2 4 
: 77.3 IZ .( ».6 16.7 b.4 U.2 12.4 7 
lf 21.8 11.7 5.5 1, .0 6.2 & 2 () 
Average 24.8 11.0 5.6 50.9 5.4 0.3 11.0 1.7 
<p +6. 1 t+0.7 +05 +4.0 -O.6 +03 $4.9 t(.N 


The results on the skeletal muscles of the same rats are reported in 
Table \ Here again the total, choline, and non-choline phospholipids 
are remarkably constant, while variable figures are obtained for the remain- 
ing tractions 

As for the sphingomvelin values, the authors feel that more work 1s 


®* This figure corresponds to the average final velght of tt ibm Im the 
calculations, a direct proportionality between liver and body weight was assumed 


This is only approximately true, but may be justified for the purpose of comparing 
animals with similar body weights within the same group, as this me thod of ex 


pressing the results reduces t he varintions lun to tnetors suet is growtl rood 


consumption, et¢ 
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required to establish the significance of their data. With the present 
procedure, sphingomyelins in both liver and muscles of rats show the 
greatest variation. In any case, they would represent only a minor frac- 
tion of the total phospholipids (from just a trace to a fifth of the total 
phospholipids in the liver, and one-tenth of those in the muscle). Similar 
values on rats have been recently reported (22). 


SUMMARY 


\s a preliminary stage in a systematic study of the influence of the diet 
on the composition of tissue phospholipids, an appropriate analytical 
scheme has been elaborated. This scheme allows the approximate evalua- 
tion, in a reasonable length of time, of total lipids, non-choline and choline 
phospholipids, sphingomyelins, non-phospholipid fatty acids, and unsa- 
ponifiable matter on comparatively small samples of tissue. 

Values obtained for liver and skeletal muscles of ten rats, raised to about 
125 gm. on a mixed adequate diet, are reported. In these animals, total, 
choline, and non-choline phospholipids show a remarkable constancy, espe- 
cially when they are expressed on the basis of 1 gm. of lipid-free tissue, 
whereas non-phospholipid fatty acids and unsaponifiable matter exhibit a 
greater degree of variation. In future work, these values will be considered 
as representing the ‘normal’ composition of liver and muscle lipids of a 


2 to 3 month-old rat. 
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Casein-containing diets have been employed extensively in nutrition 
studies, particularly in connection with the lipotropie action of choline.’ 
In most of these investigations, the total lipids or the total fatty acids alone 
have been determined. In a few cases, the phospholipid content in the 
liver has been reported, but, as a rule, results have been compared merely 
with those in which the experimental diet was supplemented with choline. 
There is no clear evidence that with this supplemented diet the ‘normal 
constitution” of liver lipids is maintained, an important consideration, in 
our opinion, which has not, thus far, received sufficient attention. To our 
knowledge, no information on the phospholipids in skeletal muscles of rats 
on casein diets is available. 

Data representative of what may be considered as the normal composi- 
tion of liver and muscle lipids in rats 2 to 3 months old, maintained on a 
stock diet adequate for growth and health, have been presented in Paper 
| (4). The modifications caused by transferring the animals to synthetic 
diets in which casein represented the only protein component are reported 


in the present paper. 


EXPERIMENTAL 


Three experimental diets were used. Diet 1 contained casein (technical) 
10 parts, cod liver oil 5, Crisco 5, dextrin 37, sucrose 37, agar 2, salt mixture 
(Osborne and Mendel (5)) 4. Vitamin B complex (commercial) was sup- 
plied in the diet so that the average daily food intake would contain 
approximately 10 y of thiamine, 10 y of riboflavin, 1 y of pyridoxine hydro- 
chloride, 100 y of nicotinic acid, and 1 y of pantothenic acid. Diet 2 con- 


* Aided by grants from the Dazian Foundation for Medical Research and from the 
John and Mary R. Markle Foundation. A preliminary report was presented before 
the forty-first annual meeting of the North Carolina Academy of Science, April 24, 
1942 

' For a bibliography on this subject, the reader is referred to review papers (see 
1-3) 

W5 
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tained casein 30 parts, dextrin 27.0, sucrose 27.0; and Diet 3 casein 5 parts, 
dextrin 39.5, sucrose 39.5. Otherwise these were identical with Diet 1. 
Altogether 5 parts of diet were mixed with 1 part of distilled water in 
order to obtain a desirable consistency. All three experimental diets con- 
tained less fat than diets usually employed in the studies on the lipotropiec 
action of choline. The intention here was to avoid the increase in the 
amount and in the rate of synthesis of liver phospholipids by high fat 
diets (6, 7). 

Male albino rats, raised on our stock diet to a body weight of between 
90 and 100 gm., were transferred to one of the casein diets. After various 
periods of time, during which the daily food consumption and the body 
weight were recorded, the animals were killed by decapitation, and the 
liver and muscles analyzed for the various lipid fractions as deseribed (4). 

Most of the animals on Diet 1 increased in weight, although at a dis- 
tinctly subnormal rate. Little change in weight was observed with Diet 3, 
whereas Diet 2 usually insured a rate of growth almost identical with that 
of rats on our stock diet. No deaths occurred during the experiments, 


Results 


Experiments with 10 Per Cent Casein Diet—Results of the analyses of 
the liver and muscles of these rats are shown in Tables I and II. In these 
the data have been expressed on the basis of 1 gm. of lipid-free tissue, so 
that they are independent of the considerable variations in the total lipid 
content of the tissues. 

Liver lipids have been calculated also for the whole organ and referred 
to a 125 gm. rat Individual data thus calculated are omitted, but the 
averages and their standard deviations have been included in Table III. 
In this table the averages* of the values obtained from both the liver and 
the muscles of rats on the diet containing 10 per cent casein are also com- 
pared‘ with the corresponding values of similar rats on the stock diet (4). 

From a comparison of the averages (Table III), it appears that in the 
liver of rats fed the 10 per cent casein diet values for total, choline-, and 


See (4), foot-note 6 

} Changes in the liver phospholipids on the 7th day of the experiment were irregu 
lar. In addition, Rat 5 showed an unusually low concentration of choline phospho- 
lipids in the liver, and was the only one to lose weight Accordingly, values of 
tats 1, 2, 3, and 5 have not been included in the averages (although their inclusion 
would not have altered our conclusions 

The statistical significance of the differences between the averages has been 
estimated by calculating the values of ¢, according to Fisher’s procedure (8 In our 
experiments, values of ¢ greater than 2.101 for liver lipids or 2.120 for muscle lipids 
indicate the probability of a chance occurrence being less than 5 in 100. The cor 


responding limits for a 1 to 100 probability are 2.878 and 2.921 
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non-choline-containing phospholipids exhibited significant decreases by 
either method of expressing the results. However, the significance is 
greater when these are expressed as concentration in the lipid-free tissue 
rather than as total content in the liver of a 125 gm. rat. The fact that 
values from rats on the experimental diet were affected by one additional 
variable (time on diet) suggests an even higher significance for the differ- 
ences between the grand averages than is shown in our calculations. The 


TABLE | 
Lipid Fractions in Liver of Rats on 10 Per Cent Casein Diet for Various Periods of Time 
Values for 1 Gm. of Lipid-Free Tissue) 


The average daily food intake was 8.1 gm. 


Body weight Phospholipids a 
, Days I Total shestibe Unsa- 
Rat “on ae el i a is Non- | oi lipid |ponifiable 
No- | diet | pastel | Fined |e | | Total Choline- _choline-' >P®"™- fatty | matter 
— _ —_ containing con — acids 
taining ms 
per cent 
total 
gm. wm um mg. m mi phos me me me. meg. 
bho 
lipids 
l 7 103.9 114.3 6.60 131.8) 24.2) 23.6 | 97.5 0.6 95.0 3.1 
2 7 97.3 103.0 5.17 | 115.6 20.0 9.6 | 48.0 | 10.4 1.7 81.3 6.2 
3 7 101.5 106.0 5.65 65.4) 29.4) 15.1 | 51.4 | 14.3 | 3.1 21.2 6.1 
4) 12) 111.0) 127.3! 5.56 70.7| 20.4) 10.5 | 51.5 9.9 1.3 $1.1 5.1 
§ | 12 91.5 82.0 5.05 55.3) 17.9; 7.1 | 39.7 | 10.8 | 1.7 30.4 4.0 
6 12 98.0 115.5 5.61 61.3) 22.8) 11.1 18.7 11.7 29.7 5.8 
7:19 | 110.3) 156.6) 6.90 | 154.5; 25.8) 13.8 | 53.5 | 12.0 114.5 3.9 
8 | 19 | 106.3; 152.0 9.95 | 379.3) 25.1) 14.4 | 57.4 | 10.7 308.0 15.4 
9 19 99.1) 133.3; 6.32 | 105.9) 22.5) 13.2 | 58.7 9.3 68.7 8.0 
10 | 28 98.3) 124.8 6.21 | 229.1) 28.9) 16.7 | 57.8 | 12.2 177.5 4.9 
11 | 28 87.3 100.0 4.14 27.8; 23.7) 12.0 | 50.6 | 11.7 1.4 83.7 12.0 
12 | 28 92.8) 132.0; 8.42 | 389.7) 22.8) 16.0 | 70.2 6.8 | 0.9 | 328.5 5.5 
13 35 95.9, 176.3) 6.65 | 152.7) 28.6) 16.6 | 58.0 | 12.0 97.5 16.8 
14 | 35 90.0 109.8 6.86 314.5) 21.4 12.1 | 56.5 9.3 253.5 14.2 


percentage of choline-containing in the total phospholipids was lowered, 
but the statistical significance of the decrease is doubtful. 

If the values obtained from the liver of individual rats are examined 
(Table I) and compared with those on the stock diet (Table ITT), it may be 
seen that after 7 days of the experiment the composition of phospholipids 
in the liver was altered, but at this time the changes were irregular and in 
two of the three rats only one fraction was concerned. The lowest con- 
centrations for both total and choline phospholipids (as well as definitely 
low values for non-choline phospholipids) were obtained in the three rats 
killed on the 12th day of the experiment. In the later periods, not as small 
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figures for choline phospholipids were found, some of those obtained on 
the 28th or 35th day approaching the lower limit of normal values. How- 
ever, rats which grew poorly showed consistently low values for choline 
phospholipids even after 4 or 5 weeks on the synthetic diet. Non-choline 
phospholipids remained lower than normal during the entire experimental 
period. 

Averages for total lipids and non-phospholipid fatty acids in the liver 
were considerably above those obtained with the stock diet (Table ITI). 
The increase was due mainly to an accumulation of neutral fats, as the 
change in the unsaponifiable matter was comparatively slight. Higher 


TABLE I] 
Lipid Fractions in Muscle of Rats on 10 Per Cent Casein Diet for Various Periods 
of Time Values for 1 Gm. of Lip l-Free Tissue 
P | t ‘ 
, l a . t bal : 
I ( ‘ S 
en 
” ’ i ” 

7 26.8 7.0 5.2 74 1s O.9 6.5 1.6 

2 7 10.5 So. 7.6 62.0 ) Ai eeL 2.0 
3 7 9) 2 11.4 oun 60.5 & 2? 4 oe 
j 12 7.2 1O.0 ».4 40 1 Ou 2 5 14 
5 IZ M30 i y Hd ».¢ ().t 22.6 1.5 
t) 12 {5.4 rf 7 7 5 6.0 > § 1.4 
7 1 5 .¢ io.0 >. OU 0 yp sy 1s 
0 s Te, Oe > 0 var ,7 4) » ¢ 
1] 2s oS .4 woe ts 1S | 0 24 ¢ 14 
4 en) ) 4 ) , | 1h O05 3 OLS 
1 i 5 } lO.2 2 4 1.7 0.1 A). 2 1.5 
14 ) sy | 10.2 ” 1 0 50 () D4 8 16 


figures for non-phospholipid fatty acids were found after the 12th day 
of the experiment (Table II 

Values for total, choline-, and non-choline contammng phospholipids In 
muscles of rats on the diet containing 10 per cent casein (Table IL) were 
frequently lower than normal. However, the differences between th 
averages are not statistically significant (Table ITI Occasionally when 


the modification in either one of the phospholipid fractions of the liver was 


especially marked, it appeared to be reflected to some extent in the museles 
Tables I and II, Rats | and 5). 
The most significant change induced in the lipid constitution of muscles 
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by the experimental diet was the increase of non-phospholipid fatty acids 
(Table III). As in the liver, the increase was essentially due to an accu- 
mulation of neutral fat. However, no definite relationship was apparent 
between the degrees of the fat accumulation in these two tissues (Tables 


I and II). 


TaBLeE III 
Compa? ison of Ave rage Values for Liver and Muscle Lipids of Rats on Stock Diet and 
on 10 Per Cent Casein Diet 


Phospholipids 


Non- 
Ba Total phospho Unsa 
Li Diet = get Non- lipid ponifiable 
a a tes Tot Choline choline fatty matter 
r —_ containing contain acids 
. ing 
Z 
per cent 
mM « m mi phos me¢ mg meg. 
pho 
lipid 

Liver; calcu Stock 10 iS. 1 33.6 20.2 60.1 13.4 9.2 4.4 
lated for 1 $6.1 42.5 +2.6 +4.1 | +1.6 +5.2 | +1.2 
gm. lipid 10% 10 «198.6 24.2 13.6 | 56.2 10.6 150.3 9.0 
free tissue casein +121.8 +2. +2.1 +6.0 +1.6 +104.4 +4.9 

n 3.87 8.75| 6.21) 2.01 1.56 12.88; 2.27 
I8)* 

Liver: ealeu Stock 10 «250.9 176.8 106.3 60.1 70.5 46.8 22.6 
lated for +36.2 +28.5 +19.8 +4.1 +13.4  +24.9 | +8.6 
whole live: 10% lO = O11.1 128.0 72.0 56.3 56.0 667 .0 18.4 
of 125 gm casein $719.0 414.3 412.2 46.0 +7.7 '+619.0 '+27.9 
rat {in = 2.78 4.61 $4.36 62.01 2.94 3.09 2.70 

IS 

Musele - eal Stock 10 24.8 11.0 5.6 50.9 5 } 11.0 LZ 
culated for t6.1 +0.7 +0.5 +4.0 +0.6 +4.9 +0.8 
| gm lipid 10% S 10.0 9.6 4.9 | 51.0 1.7 26.2 1.6 
free tissue easein +O 6 +-() 5 +0.6 +3.2 +0.6 +6.3 +0.5 

l( 3.57 1.97 1.80 0.31 1.43 5.90 0.29 
16 
° according to Fisher (8); » = degrees of freedom 


Experiments with 5 and 30 Per Cent Casein Diets—-In Table IV the aver- 
ages and standard deviations of the various lipid concentrations in the liver 
and muscles of rats, maintained for 12 or 19 days on Diets 1, 2, and 3, are 
compared. 

Values for choline phospholipids were lower in the liver of all three groups 
of animals than in rats on the stock diet, although the decrease was less 
marked with the 30 per cent diet than with those containing 5 and 10 per 
cent. ‘The concentration of non-choline phospholipids was affected differ- 
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ently by the various diets: no change from the values of the stock diet in the 
rats on the diet containing 5 per cent casein, a decrease with the 10 per 
cent casein, and an increase with the 30 per cent casein. With the 5 and 
10 per cent, but not with the 30 per cent diet, averages for total lipids and 
non-phospholipid fatty acids in the liver were high as compared to the cor- 
responding values of rats on the stock diet. 

As for the muscle, the average values for all lipid fractions obtained from 


the three groups of animals (Table IV) showed similar differences which, 


I 
s N I { 
I ( 
Liver 5* 5 5. 23.0 10.5 15.7 } 60.9 5 0) 
31.8 13 4-() ¢ +e 0.9 so le | 2 0 
10 { 137.8 22.4 11.7 62.2 0.7 IS.7 6.8 
132.3 2.8 2 6.0 } ‘ $.2 
OUT ! 53.7 bz A 14. 10.5 dia leu é.v 
t 4 t 1.6 t+] .7 3 0 OLS t1.4 
Viusel 5* 5 11.5 4 1.0 12.6 5.4 26.9 2.9 
5.0 1.0 0.7 4.2 :. 2 12.8 0.9 
lO } 13.2 9.2 1.4 17S ‘ 20.4 1.7 
8.6 1.1 +08 f 7 i.d 0.3 
Oy j 28 3 10.8 { 15.4 >.4 j 2 
4 0.9 0 1 6 0o.4 Hf 1.0 
Average ly l ike Ol od, 7 > ill 
t Averages rats on 10 per cent casein for 12 | I 
t Average daily intake of food, 10.9 gm 


however, were smaller than the corresponding differe neces just de seribed in 
the liver.* 


As in the liver of rats on the diet containing 30 per ¢ ipl 
fractions are higher than in those with the 5 and 10 per cent diet; consequently the 
concentration of total phospholipids varies in t ume direction as the « in level, a 
finding which is in agreement with previous observations (9 

6 Even after 4 weeks on the diet containing 30 per cent ca n, the composition of 
phospholipids in tissues is not yet normal. Thusin two rats maintained on this diet 
for 28 days, the following lues (not included in the averages of 7 e IV) wer 
obtained: in the live choline pl ospholipids 19.3 and 16.5 mg nor ine phospho 
lipids 10.6 and 6.8 mg.; in the muscle, choline phospholipids 6.5 and 7.7 mg., non 


choline phospholipids 3.5 and 3.3 mg. Consequently the percentage of choline 


containing in the total phospholipids was considerably above normal in both tissues 
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DISCUSSION 

The results constitute definite evidence that in rats 2 months old diets 
containing casein as practically the sole protein component cause a marked 
modification in the normal composition of liver phospholipids, the most 
characteristic alteration being a decrease of the choline-containing phos- 
pholipids (more precisely of the lecithin fraction). 

A fall in the concentration of total phospholipids in the liver when rats 
were transferred shortly after weaning from the stock diet to a high fat, 10 
per cent casein diet has been recently mentioned by Patterson and Me- 
Henry (10). Unlike theirs, in our experiments the modifications in the 
composition of liver phospholipids were not fully developed until the 2nd 
week of the experiment. Moreover, such modifications were still detect- 
able even after 5 weeks on the diet. It seems therefore unlikely that the 
effects observed by us may be ascribed merely to changes in the dietary 
habits of the animals. 

As a cause of these changes, some dietary deficiency appears to be a more 
logical explanation. A quantitative deficiency of dietary proteins, as in 
our diets containing 5 and 10 per cent casein, can be excluded for the reason 
that the decrease of liver lecithins is still detectable with the 30 per cent 
diet. Likewise, this finding is apparently not in line with the hypothesis 
that a poor supply of choline or choline precursors was responsible. In- 
deed, the 30 per cent casein proved almost completely effective in prevent- 
ing the fatty infiltration but not the fall in liver lecithins. Moreover, in 
none of our other experiments was a uniform relationship found between 
the extent of the changes in the phospholipid and in the neutral fat frac- 
tions. Further evidence on this subject will be presented in Paper III. 

Phospholipids other than lecithins seemed to be less uniformly affected 
by the experimental] diets. At any rate their modifications, unlike those of 
the lecithins, were not in the same direction when the percentage of dietary 
casein was varied. Perhaps the increase of non-choline phospholipids in 
the rats on the 30 per cent casein diet may be related to the presence in 
easein of a serinephosphoric ester (11, 12) which could be viewed as a pre- 
cursor in the synthesis of serine-containing (13), possibly also of ethanol- 
amine-containing phospholipids (14). 

Variations of the non-phospholipid fatty acids in our experiments were in 
agreement with the well established relation between the choline supply in 
the diet and the fat infiltration in the liver (1-3), except, perhaps, that in 
many of our rats the degree of fatty infiltration was lower than that usually 
described by others. This may be explained by the fact that in most of 
these previous studies the experimental diets contained much greater 
amounts of fat 

The elevation of neutral fat in rats on our diets containing 5 and 10 per 
cent casein was not limited to the liver but occurred also in the muscle, : 
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finding which had not been clearly shown in previous work. The increases 
were proportionally smaller in the muscle, but as this tissue represents as 
much as one-half of the body weight, the significance of this accumulation 
of fat for the general economy of the organism may be considerable. The 
almost complete prevention of fatty infiltration by 30 per cent casein was 


apparent in the muscle as well as in the liver of our rats 


SUMMARY 


Young rats, transferred from a stock diet to an experimental diet con- 
taining casein at 5, 10, and 30 per cent levels, exhibited a marked decrease 
in the concentration of choline-containing phospholipids of the liver Min- 
imum values were reached on the 12th dav, afterwards tending to rise 
Less uniform changes were observed in the non-choline phospholipids of the 
liver. The phospholipid composition of the skeletal muscle was only 
slightly affected bv the experimental diets 

Neutral fat accumulated in the muscle as well as in the liver of rats on 


diets containing 5 and 10 per cent casein, but not on the 30 per cent casein 
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Modifications in the composition of tissue phospholipids were observed 
when rats were transferred from a stock diet to experimental diets in which 
casein supplied the protein requirement, the most characteristic change 
being a marked reduction of liver lecithins (1). This suggested that some 
factor (or factors), perhaps essential for the maintenance of the normal 
level of lecithins in the liver, may have been deficient in our diets. As 
these were more or less low in choline, the likelihood that choline repre- 
sented the factor limiting the synthesis of lecithins appeared to be the sim- 
plest explanation, although our previous results (1) did not favor this in- 
terpretation. To obtain more conclusive evidence, experiments with 
supplementation of choline (and a choline precursor, methionine) were 
made. The action of other nitrogenous components of phospholipids, such 
as ethanolamine and serine, was also studied. In addition, to test the 
possibility that a deficiency of cystine or glycine in the casein may have 
been responsible, supplementation of the diet with these substances was 
tried. 

\t the time these experiments were completed, results that apparently 
differed from ours were published (2-4). As in these investigations 
vounger animals than in our experiments were employed, some choline 
supplementation experiments were repeated in which weanling rats were 


substituted for rats 2 months old. 


EXPERIMENTAL 


In the majority of our experiments, rats of the same strain and age (about 
2 months old) as in the previous investigations (1,5), were transferred from 
the stock diet to an experimental ration (Diet 1, containing 10 per cent 
casein (1)) for 7 days. Then the supplement was administered daily until 


Aided by grants from the Dazian Foundation for Medical Research and the 
John and Mary R. Markle Foundation. Preliminary reports were presented before 
the North Carolina Academy of Science (Forty-first annual meeting, April 26, 1942 
and the American Physiological Society (March, 1943). 
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the end of the experiment. Only in one case (Rat 1) was the choline sup- 
plementation initiated immediately. 

The supplements included choline hydrochloride, choline hydrochloride 
+ l-cystine, ethanolamine, dl-serine, glycine, /-cystine, d/-methionine, and 
dl-methionine + /-cystine.'. Amounts varying from 50 to 150 mg. daily 
were given. In most cases, a solution of the supplement was administered 
by stomach tube; otherwise it was thoroughly mixed with the diet. 

In a smaller group of experiments of 10 days duration, newly weaned rats 
were used. Two of them were maintained on our stock diet, and seven on 
the diet containing 10 per cent casein. Seven other rats were transferred 
directly from the nursing mother to the experimental diet containing 
choline hydrochloride. 

In both groups of experiments, the animals were killed by decapitation 
and the lipid fractions in the liver and skeletal muscles analvzed as de- 
scribed (5), except that, in some cases, determinations were limited to the 
liver. Occasionally, saponification was omitted, the total lipid content 
being estimated from the weight of the final chloroform extract 

It was observed that d/-serine exerted a highly injurious action when 
given by stomach tube in amounts of 100 mg. daily to rats on our experi- 
mental diet (6). In addition, four out of six rats receiving 100 mg. of 
ethanolamine daily by stomach tube died within 3 days. ‘This finding is 
now the subject of a separate investigation. One rat receiving 150 mg. of 
choline hydrochloride died on the 10th day of supplementation. With the 
exceptions noted, the administration of the supplements either by stomach 


tube or in the diet appeared to be harmless 
Re s ilts 


Experiments with Rats 2 to 3 Months Old—Results obtained on the liver of 
rats receiving choline hydrochloride supplements are reported in full in 
Table I. For the sake of brevity, individual data on the muscle of these 
rats and on the liver and muscle of the other groups ol animals have heen 
omitted. Onlv averages and standard deviations of rats maintained on the 
various diets for 12 and 19 davs are recorded in Table IT and compared with 
similar values pre\ iously obtained on rats on the stock (5) and on the un 
supplemented experimental diets (1 

It is apparent that with all the supplements the concentration of choline 


phospholipids in the liver expressed as mg. for 1 gm. of lipid free tissue 


was essentially the same as in rats on the unsupplemented diet. Several 
additional data (not reported) on rats, maintained for longer periods on the 
supplemented diets, further support this statement. The analvtieal data 

All supplements were purchased from Merek and Company, In¢ Rahway 


New Jersey 
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have also been calculated for the whole liver of a 125 gm. rat. Even with 


p- 
this method of expressing the results, no significant effect of supplemen- 
le tation was evident, except for some of the animals receiving cystine or me- 
d thionine, which exhibited definitely higher values.’ 
bs With most of the supplements, especially with ethanolamine, somewhat 
d higher values for non-choline phospholipids were found in the liver. 
, TABLE | 
» Lipid Fractions in Liver of Rats on 10 Per Cent Casein Diet Suppleme nled with Choline 
Hydrochloride (Values for 1 Gm. of Lipid-Free Tissue 
( - ” . . 
lhe average daily intake of food during the supplementation period was 9.34 gm. 
y 
fody weight -hospholipids ; 
Bods I pholipid — 
v phos Unsa 
Rat a Live Total \ »ho poni 
N eig lipids Cholit h on- | Sphin ipid __ fiable 
Initial, Fina lotal sors A Naeger PO fatty matter 
= ae he: elins acids 
t 
per cent 
total 
mm g m mit m € mf pros me m mk meé 
pno- 
itpid 
. 1 10016) 1004 101.7)115.5 5.33 35.1 16.9) 9.2 54.4 7.7) 6.2 183.6) 3.2 
2 12 (5) 50 96.8)107.8 4.70 36.8 22.0110.5) 47.7) 11.5) 0.2 8.9, 5.0 
; 3 19(12 50 96.3)128.3 5.80 61.9 26.5)12.2 46.0 | 14.3 2.1 | 6.7 
f $ 19(12) 150 98.0, 89.0 4.51 33.0 21.7)10.7 49.3 11.0 7.5 3.0 
5» 6 19(12 150) }«=64992..6/115.5 5.03 41.1) 22.4] 8.8 39.3 13.6 14.5 2.7 
t 19(12 150 101.0) 97.0 3.93 41.5 28.4/13.1 46.1 15.3 1.3 9.2 3.0 
7 19(12 150¢ 101.3,123.8 6.92 44.1, 24.6)14.1 57.3 10.5 15.5 2.4 
$§ 28(21) 100 103.8)141.3 6.24 44.1) 23.6/12.9) 54.7 | 10.7 10.8 8.6 
9  28(2] 150 104.3)138.3 5.34 38.6 23.1)12.5 54.1 10.6 12.0; 2.3 
( IX (2) Ot If g 156 7.73 35.8 25.51138.7 53.7 11.8 -_ 2.5 
fhe figures in parentheses indicate the days on the supplemented diet 
tf Supplement mixed in the diet 
t In addition 130 mg. of vstine daily, mixed in the diet, were given 


Variations of individual values for non-phospholipid fatty acids were so 
great that the comparison of the extent of fat accumulation has been diffi- 


cult However. on the basis of the averages, the amounts of neutral fat 
As in these inimals the concentration of thie choline phospholipids was not 
reciably altered, the larger amount for the whole liver was apparently due to an 
increase in the liver weight (which was evident even after exclusion of the lipids and 
i the basis of a 125 gm. rat In our opinion, the biological significance of differ 


ences observed by calculating the data for the whole liver may be questioned when a 
linear relationship between liver and body weight is not maintained. In such cases 
more we ohit sho ild bye given to concentration value 8, which may express more closely 


fundamental changes in the chemical organization, and, therefore in the physiologi 


cal activity of the living cells 
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n parison of Lie rage Values Jo Li 
Various Diets for 12 and 19 Days 


le r4 Liver Potal 


Diet | ‘ment? | % | weight | lipids 
rats Total '. 
, , me " 
Liver St oc None 10 5.52 iS.1 33.6 20 
+0.78 t+6.154+2.5 +2 
Caseir 6 6.57 137.8) 22.4) 11 
LO” t1.71/4+132.3 +2.8 +2 
same Choline oT 5.16 13.2) 24.4] 11 
HC] £0.97) +22.5'4+2.5 +41 
Ethanol ! 5.73) 156.9) 27.7) 12 
imine $0.94 +67.54+3.7 +1 
Serine 5 5.03 97.6) 24.5) 11 
t0.19 +25.04+2.3 +1 
(slveimne 7 9.04 200.3) 24.5) 11 
+O. 04 tS? 5 +0.8 +02 
(Cystine 6 S53 264.0) 24.0) 12 
$18 +102.5 42.341 
fi-Meth it 6.03 75.9) 25.0. 12 
ronine t0.73) +39.2'4+1.641 
Niusel stock None 10 24.8 11.0 7) 
t6.1 +0.7,+0 
C'asei j i.21 ¥.2 } 
1¢)e +S.6 +1.1 +0 
Syme Choline t) 1.4 IL. I 7) 
HC} $19.5 +0.4 +0 
kithanol } 4.9 12.0, 5 
imi tIs.4 L.o+0 
is ( 5 M.7) 11.1) § 
+10.2 +0.7 +0 
(;lveine 5 28.1) 10.2 } 
+3 4+0.4 +0) 
('vatine ; 27 4 % 3 } 
+7.3+0.6 +0 
Meth 3.4) 11.2) § 
ionime +S +0O.7 +0 
Supplements given for 5 and 12 days respectively 


ike during t hie supple mentation period Was O45 gim. to 


group, 6.0 gm. for the ethanolamine, 5.1 gn for the 
ylveine, 8.5 gm. for the ystine, and 8.3 gm. for the dl-n 
Including one rat, recelving | 1) my of l-evstine 
hydrochloride 
t Including one rat, receiving 145 gn Vsti 


methionine 
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Values for 1 Gm. of 


ff 2 Month-Old Rats 
Lip d Free Tissue 


on 


I ipi 
Nor 
Nor phos Unsa 
pho poni 
- lipid table 
7 co latty matter 
tai acids 
per cen 
p ” m 
2; 6.1) 13.4 ¥.2 +.4 
6 +4.1/4+1.6 +5.2) +1.2 
7; 52.2) 10.7 O87 6.8 
} +6.54+1.4498.4 44.2 
7) 48.0; 12.7) 13.6 3.8 
S +7.641.8; +6.3 +1.5 
0) $3.3 15.7) 113.4 $.5 
QO +5.8 +3.9\+63.3) +2.5 
9 iS.6 12.6 60.6 6.4 
5 -+5.9 +2 .4 20.0 +28 
>» 46.9) 13.0) 152.3 8.3 
QO +7.0+1.5478.3) 42.5 
$ 51.7) 11.6 210.6 8.3 
s t+6.S +2 44 91 5 + $ | 
} 19.2) 12.7 $4.2 2.3 
QO +7.142.4435.3 +04 
6 9 9.4 11.0 1.7 
) +4 1) +06 ; 4 +0. 
! 17S 1S KY) 4 ce 
s 6.1 +0.7 7.3| 40.3 
1 is.6 9.7 24.4 2.5 
$ +6.541.0416.7 +1.6 
7 5: 6S Ie 5 15 
4. +7.0/4 ,-+4+16.5 +0.6 
y 4 1h Ss 5.9 19.5 » 
9 +7.440.9'411.3) +0.9 
sf Is 0) 5.3 14.S 1.6 
2 +1 6 +02 1-33 3 +().2 
2} 45.2) 5.1) 15.5 1.7 
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were greater in comparison to the unsupplemented diet in the groups re- 
ceiving l-cystine, glycine, and ethanolamine, whereas they were lower with 
di-serine, dl-methionine, and choline hydrochloride. 

In the muscle, no definite effect of the supplements on the lipid distribu- 
tion Was apparent. However, as in the liver, the non-choline phospho- 
lipids were often increased after ethanolamine administration. 

Experiments with Newly Weaned Rats-—The lipid distribution in the liver 
of two very voung rats maintained on the stock diet was within the same 
range as in older rats on the same diet (Table IT]). Likewise choline 
phospholipids were lower than normal in the liver of newly weaned rats 


maintained on the unsupplemented casein diet. 


TaBLe III 
nf Ne wly Weaned Rats afte r 19 Days on Various Diets 


] pid Fractions in Live 
Values for 1 Gm. of Lipid Free Tissue 


Body weight Phospholipids 
Ni 7 — 
D — I ve t tal — 
ts weignt eae . os choline- 
. ] a Final Total Choline-containing . 
contain 
ing 
per ceni 
* - _ me - one total me 
. ° a ° ° f phos pho . 
lipids 
Stock l a1 .2 17.3 1.69 68.0 31.4 17.4 55.4 14.0 
! 33.0 16.8 Lae 66.0 33.3 17.1 51.4 16.2 
10% easein* 7 20 0) 41.1 1.93 171.8 24.1 12.6 52.3 11.5 
$4.4 +6.6 +0.44 +93.9 343.2 +1.8 | +3.8 | +2.0 
10% casein 7 30.0 12.8 1.67 51.4 26.8 17.6 65.7 9.2 
choline $3.3 +6.4 > +0.22  +14.8 | 41.3 +1.1 +4.5 +1.6 


HCIt 


*Average daily food intake, 4.46 gm 
+ 42 mg. dailv, mixed in the diet; average food intake, 4.79 gm. 


However, unlike the findings obtained in 2-month old rats, choline ad- 
ministration restored the concentration of the choline phospholipids to the 
normal level. Non-choline phospholipids were not affected and remained 
low, as with the unsupplemented diet. Consequently, the percentage of 


choline-containing phospholipids was here considerably increased. 


DISCUSSLON 
Choline supplementation appeared to be ineffective in raising liver leci- 
thins in rats 2 to 3 months old maintained on the experimental diet, in spite 
of the prolonged employment of massive doses of choline which completely 
prevented the fatty infiltration. This finding may be considered in agree- 
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ment with our previous experiments (1) with the diet containing 30 per 
cent casein, which probably supplied adequate amounts of labile methy] 
(7). Both groups of results strongly suggest that the modification in liver 
lecithins induced by the experimental diets cannot be ascribed to a simple 
deficiency of choline or choline precursors in the diet 

However, the possibility that the dietarv supply of choline may play an 
important réle is shown by the restoration of normal values in weanling rats 
when choline was given. As all other conditions were identical in the wean- 
ling and older rats, the different effects of choline supplements would appear 
to be dependent upon the age of the animals 

As a working hypothesis, it may be tentatively suggested that, in addition 
to choline one (or more) factor was deficient in our diet, such factor being 
required for the maintenance of the normal level of lecithins in the liver. 
possibly by promoting the utilization of dietary choline in phospholipid 
synthesis. If it be assumed that reserves of this factor accumulated in the 
tissues during the nursing period, the effectiveness of choline supplementa- 
tion in the younger rats would be explained 

Possibly small amounts of this factor may have been present in our tech- 
nical casein. This may explain the less pronounced effects on liver lecithins 
in our experiments in which the casein level was raised to 30 per cent (1 
Future work will test the adequacy of this hy pothesis or suggest other ones 

\side from any attempted interpretation, the present results offer a basis 
for explaining apparent discrepancies in the literature. Thus, when choline 
was added to experimental diets, no significant increase in the total phos- 
pholipids (8-11) or in the choline content (8, 12) of the liver was obtained by 
most authors,’ while other investigators report an elevation of total (2, 4) or 
choline phospholipids (2, 3, 13 \n examination of these data reveals that 
the latter authors emploved recently weaned rats, whereas the former group 
used older animals 

This age difference in the effect of choline supplementation on live phos 


pholipids may perhaps he eompared vith similar differences pre iously 


In several cases, higher values for total phospholipids, expressed as percentage 
f the liver weight, were obtained after choline was give lloweve vhen the data 
ire recalculated ind the diluting effect of the | rge amounts of a imulat 1 fat in 


the liver of choline-deficient animals is considered, no signi 


inimals on the supplemented or unsupplemented dicts is apparent 


‘The conditions of the experiments of Engel (2) are rather different from ours 
On the other hand a comparison between the results of tulrexperiments on we inling 
rats with those of Stetten and Grail (3) may be justified. Numerical values given 
by the latter authors for choline and phosphorus on both the isupplemented and 
supplemented diets are considerably lower than our values. An incomplete extra 
tion of lipids or differences in methods may possibly account for such a discrepancy 


However, the effect of choline supplementation was evident in their animals as in 
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described for several biological actions of choline, apparent only in very 
young rats, such as the stimulation of growth (14) and the protection of the 
kidney against hemorrhagic lesions (15). 

It should also be pointed out that the absence of a change in the concen- 
tration of liver phospholipids, when various supplements were given to 
2 month-old rats, does not exclude the possibility of an altered rate of phos- 
pholipid turnover, as shown by Perlman and his associates (16). 

The increase of non-choline phospholipids in the liver of older rats fed 
ethanolamine is in agreement with a previous observation on vounger 
rats receiving both choline and ethanolamine (3). 


SUMMARY 


In rats 2 to 3 months old, supplementation of an experimental diet with 
choline hydrochloride in amounts adequate to prevent the fatty infiltration 
of the liver did not raise the low values of choline-containing phospholipids 
observed in the liver of animals on the unsupplemented diet. 

Supplementation of the diet with ethanolamine, di-serine, glycine, /- 
cystine, or dl-methionine was likewise ineffective in raising the choline 
phospholipids. Only the amounts of non-choline phospholipids in the liver 
were occasionally increased, especially after ethanolamine was fed. 

In the liver of newly weaned rats, the concentration of choline phos- 
pholipids was lowered by the experimental diet, as in older rats. How- 
ever, unlike the results in these latter animals, the effect was completely 
prevented by supplementing the diet with choline. 

The possibility that other dietary factors, in addition to choline or choline 
precursors, may be involved in the maintenance of the normal composition 


of liver phospholipids is discussed. 
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tecent knowledge demonstrates that the biological value of a food pro- 
tein is dependent upon its amino acid composition (1-4). It is important 
from the practical standpoint, therefore, not only to understand the 
quantitative and qualitative requirements of man for essential amino acids 
5-7) but also the quantitative composition of food proteins which are 
commonly utilized to fulfil these body needs. Although the more theoreti- 
cal and academic aspects of proteins may be investigated by analyses of 
individual crystalline materials, the application of well established methods 
of amino acid analysis to the protein mixtures in the body tissues and in 
common foods can yield significant information provided these proteins are 
obtained tree from carbohydrate, fat, and other contaminants and if no 
loss of amino acids occurs during the purification. 

That analytical methods for the amino acids are not frequently applied 
to food proteins may be explained, in part at least, by the fact that it is 
difficult to free the proteins from accompanying carbohydrate and other 
contaminants; also, there are inherent errors in the methods for deter- 
mining some of the amino acids, even when applied to crystalline proteins. 
Comprehensive studies of the amino acid composition of food and tissue 
proteins are relatively few (8-13) and since newer refinements of analytical 
methods have proved capable of vielding more nearly exact values it be- 
comes increasingly difficult to compile satisfactory data from the bio- 
chemical literature relative to the amino acid distribution in foods. 

The present study has been undertaken to determine the quantitative 
occurrence of ten amino acids in six soft organs of beef and in the muscle 
tissues of a variety of cold and warm blooded animals. Data of this type 
may demonstrate similarities or differences in composition bearing upon 
such problems as: (1) the relative value of different meats, meat products, 
poultry, and fish, in supplying amino acids, (2) the amino acid pattern to 
which the growing animal must conform in the synthesis of tissue proteins, 
(3) the possible repetition of amino acid pattern in the muscle tissues of a 

*Partial reports of the data presented in this paper have been given at the Forty- 
seventh annual meeting of the Michigan Academy of Science, Arts and Letters at 
Ann Arbor, March 14, 1942, and at the annual meeting of the American Society of 
Biological Chemists at Boston, April 3, 1942 
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wide Variety ol species and classes of animals or the existence of specific 
species differences. 

Meats, poultry, and fish furnish 20 to 30 per cent of the animal proteins 
in the average American dietary and contain protein which has long been 
known to possess superior biological value (1). Studies such as the one 
presented herein seem fundamental in establishing the amino acid pattern 
upon which protein nutritional superiority depends; therefore, data on the 
amino acid composition of food proteins have special significance. The 
analytical values for arginine, histidine, lysine, phenylalanine, tyrosine, 
tryptophane, serine, threonine, cystine, and methionine in meat, poultry, 


and fish muscle, and in beef organs are reported in the present paper. 


Prepa alion of P Olern San ple \ 


The beef organs brain, lung, live stomach, kidne iP and he art and the 
muscle tissues (beef shank, lamb leg, pork chops, veal steak, frog legs, and 
roasting chicken) were all obtained from a local market. Quick frozen 
salmon and codfish steaks, and shrimps were used. The reptilian fles} 
analyzed was that of wood and painted turtles 

In so far as possible, muscle fascia, connective and adipose tissue, and 
unedible portions were removed and discarded. The dissected tissues 
were ground in a food chopper, frozen in dry ice, and desiccated under a 
vacuum while frozen eryvochem apparatus Karly in the course of the 
work raw meats were used, but later the tissues were cooked prior to desie- 
cation, In orde to insure the highest possible recovery Of proteins through 
the inactivation of the tissue enzymes (14). Cooking the meats for a 
short period was a routine procedure in the preparation ol the majority 
of the samples The dried tissue Wiis ground to a fine powder in the hall 
mill or with a mortar. 

Extraction of lipid' was effected by letting the powdered tissue stand 
overnight at room temperature with an aleohol-ether mixture (3:1 
approximately 15 ml. of the mixture being used per gm. of dried tissue, 
followed by a 20 hour continuous extraction with ether in a Soxhlet appa 
ratus After the material was dried, the fat-free powde! was extracted 
with three successive portions of boiling water for 15 minutes to remove 
minerals, carbohydrates, and other extractives. In each extraction, 
1500 ml. of water were used per 100 gm. of the dry tissu pre paration. 
The extracted material was dried in a vacuum oven at 60 

xcept with shrimp, only 8 to 14 per cent of the total nitrogen was lost 
during water extraction at 100°. This loss may be considered as non- 
protein nitrogen. Howe (14) found that 10 to 15 per cent of the total 


1 The lipid distribution in these tissues will be reported in another paper. The 


amino acid constituency of protein from growing tissues is being determined 
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nitrogen of raw muscle was composed of nitrogen extractives. Roughly, 
7 to 29 per cent of the wet weight of the fresh tissue was recovered and the 
purity of the protein preparations used for the amino acid analyses is 
evidenced by their nitrogen contents of 14 to 17 per cent, on a moisture- 


and ash-free basis. 


A nalytical Methods 


Moisture was determined by placing samples of the desiccated, fat-free, 
water-extracted tissues under a vacuum in a metal desiccator at 60° until 
they attained constant weight, after which the tissue preparations were 
used to determine total ash. Nitrogen determinations were carried out by 
the macro-lXjeldahl method. Total sulfur was estimated gravimetrically 
after combustion of the samples in the Parr oxygen bomb. Inorganic 
sulfur was determined gravimetrically on hydrolysates of samples which 
had been hydrolyzed 6 hours in 20 per cent HCl. 

The method of Lugg (15), modified for use with the spectrophotometer, 
was used to determine tyrosine? and tryptophane.’ Phenylalanine was 
determined by Block’s (11) modification of the Kapeller-Adler (16) method. 
Block’s method (17), with the correction factors suggested by Tristram 
18) and Gulewitsch (19), served in the analyses for histidine, arginine, and 
lysine.’ Cystine was determined by both the cuprous oxide method of 
Graff, Maculla, and Graff (20) and by Sullivan’s colorimetric procedure 
21), adapted to the spectrophotometer.6 Methionine was determined by 
a modification of the Beach and Teague’ (22) method and by the McCarthy 
and Sullivan (23) colorimetric method, adapted to the Cenco photelome- 
ter with Cenco Filter 87309-B, maximum at 525 mu. The methods pro- 
posed by Nicolet and Shinn (24, 25) were used to determine serine and 
threonine. The Sorensen-Haugaard method (26) for carbohydrate showed 
no appreciable carbohydrate in the amino acid solutions obtained by hy- 
drochlorie acid hydrolysis of the purified proteins. 


> Wave-length 495 mu was used in reading the tyrosine color 
Wave-length 430 my was used in reading the tryptophane 
Silver nitrate was used as the silver salt in the separation of the bases 
A glycine blank was used and the colors read at wave-length 550 mu 
Accuracy and reproducibility of the method may be insured by observing the 
following precautions 1) Only HI which has been recently redistilled should be 
used. Redistillation is essential even when HI of reagent grade, which appears to 
contain little free iodine, is available 2) For the determination of cystine, alone, 


preliminary reduction with zine is unnecessary and may result in too high cystine 
values. The reducing power of the Cu,0 is sufficient to reduce cystine to cysteine. 
3) Hydrolysis of the samples for 6 hours is sufficient; longer hydrolysis may result 


in low methionine estimates 
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Results 





The amino acid composition of prepared animal tissue proteins, corrected 


for moisture and ash, and calculated to 16 per cent nitrogen, is presented in 


Per Cent Amin 1; Compe n of 

( 

Corrected for moisture and ash and ¢ 
Beef 6.91'2.258.11 4.924 
Veal 7 .54/2.39.9.62/4.41 4 
Lamb 7.59 2.37 8.68 4.474 
Pork 6.62'2.16 8.653.954 
Chicken, light 6.91 2.348.443.854 
dark 7.08)|2.28'8.42/4.61/4 
Turtle 6.71/2.27'7.70)4.32)4 
Frog 6.62 2.107.99 4.664 
Salmon §.39 2.309.004.52 4 
Codfish 6.26 2.04 8.404.284 
Shrimp §.56 1.80 8.344.774 
Beef heart 7.442.137.105.104 
Liver 6.63 1.98 6.02 6.06 4 
Kidney 6.93 2.31 6.215.474 
Brain 6.38 2.525.98 5.835 
Lung 6.29 1.945.75 4.093 
Stomacl 6.60 1.69 5.823.323 
*Arginine values are corrected for the 


the factor 3.6 pe I 100 ml propose d by (, 
vd 


esa solubility loss 0 


tion of the Block methe 1 volume of 


ind washings) giv 


tNot corrected for solubility 


ire corrected tor 


tThe lysine \ ilu s 


through the solubility of ly 


Tristram (18 It is recognized that sm 
procedure 
heen correct 


$The serine values have 
is suggested Nicolet 


o this me thod by 
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These tissues were OOKE 


Table | 


Such an adjustment of 


nitrogen, while purely arbitrary, POSsSsesses advantages when ¢ 


to be made from one tissue to 


ure 


sine phosphe 


another 


ABLE | 
Proieins m Prepare V use Tissue and 
Jrgans 
ilculated to 16 per cent nitrogen 

( M 
301.35 5.43 4.57 1.20 0.94)3.17'3.111.09'1.07 
86 1.39.6.065.10.1.34.0.99'3.28 3.62.1.141.12 
891.4416. 29/5. 28/1 .42/0.99 3 .06)3.28)1.15)1.13 
$11.31 4.57 4.61 1.14.0.99 3.423.221.0383 1.02 
23.1.304.72 4.66 1.260.82 3.28 3.35 1.061.04 
341.22 5.45 4.58 1.28 0.S8S8/2.95.3.64 1.05 1.04 
63 1.416.354.861.28 0.58 2.98 4.11 1.15 1.07 
67 1.386.32 4.92 1.290.863.17.3.19 1.141.06 
38/1. 38/3.96)4.19 1.220.743. 16/3.78)1.22'1.22 
541.28 4.944.521.19 1.04.3.24 3.74 1.261.19 
741.243.993.961.100.99'2.99'3. 42 1.241.16 
$2 1.41 5.93'4.69 1.23 1.063.01:3.20 1.09 1.07 
591.81 7.254.79/1.55.1.12:2.40/2.90/1.17)1.11 
62 1.81.6.114.551.81 1.16 2.68 2.801.151.10 
10 1.64 7.065.33 1.95 1.38 2.66 2.95 1.101.038 
761.116.663.838 1.53.0.95'1.802.511.050.% 
740.957.003.78 1.040.97 2.02 2.75 0.99.0.98 


» loss through solubility of arginine silver by 
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Lysine, a dietary essential, occurs in muscle tissues of all types in higher 
concentration than do any of the other amino acids studied, 7.7 to 9.6 per 
cent. Arginine also is present in high concentrations, 6.3 to 7.6 per cent. 
Histidine, another essential amino acid, occurs in low concentration, 1.8 
to 2.4 percent. Methionine, 2.9 to 3.4 per cent by gravimetric determina- 
tion and 3.1 to 4.1 per cent by colorimetric analysis, occurs at a higher 
concentration than does the other sulfur-containing amino acid, cystine, 
which was found to represent 0.6 to 1.0 per cent by colorimetric analysis 
and 1.1 to 1.4 per cent by the gravimetric procedure.’ The two hydroxy- 
amino acids, threonine and serine, were found at a level of 4.0 to 5.3 per 
cent; however, some serine values were higher, that for veal being 6.1 per 
cent and for frog legs, turtle, and lamb 6.3 per cent. Tyrosine and phenyl- 
alanine, aromatic amino acids, have a similar concentration, varying from 
{.2 to 4.9 and 3.8 to 4.9 per cent, respectively. Tryptophane, an indis- 
pensable amino acid, occurs at a level of 1.2 to 1.4 per cent. Only one 
other amino acid, cystine, was found in smaller concentrations than 
tryptophane. Although these two amino acids are found in small concen- 
trations in the muscle protein, comparison of the cystine and tryptophane 
intakes per kilo of body weight by 10 to 12 year-old boys and by breast-fed 
infants shows that the rapidly growing infants received in their diets greater 
quantities of cystine and tryptophane per unit of body weight (12) than 
were provided by the diet considered adequate for the larger but slower 
growing children (27). 

In general, it can be seen that muscle tissues of these different classes 
of animals do not differ widely in their amino acid patterns, which implies 
that the same amino acid composition of muscle proteins is repeated 
throughout the animal kingdom and indicates that, as far as these ten 
amino acids are concerned, the protein of one muscle is as good as that of 
another in supplying amino acids in the diet. 

The organs, while showing some similarity to the muscle tissue in com- 
position, differ from it in certain respects. Outstanding are their lower 
lysine contents, 5.8 to 7.1 per cent, which are smaller than that found in 
any muscle studied. In the organs, the percentages of lysine are exceeded 
by the percentage of arginine, 6.3 to 7.4 per cent (Table I). Brain appears 
to contain more histidine (2.5 per cent) than any other organ or muscle, 
while stomach (1.7 per cent) contains the least. With the exception of 
heart, the organs, particularly lung and stomach, seem to have a slightly 
lower methionine content than do muscles; however, the organs seem to be 
as good, if not a better, source of cystine. The beef organs were found to 
be high in serine, 5.9 to 7.3 per cent; only four of the muscles had serine 
contents within this range. Threonine appears in the organs in about 


’ A complete discussion of the sulfur distribution of the tissues will be included 


in a forthcoming publication. 
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the same amounts as in the muscles. Heart, liver, kidney, and _ brain 
contain more phenylalanine than do any of the muscles, 5.1 to 6.1 as con- 
trasted with 3.8 to 4.9 per cent for muscles The tyrosine content of the 
organs, 3.7 to 5.1 per cent, is more variable than that found in muscles 
Brain, liver, and kidney exhibit higher tryptophane and evstine values 
than do muscle tissue or lung, heart, and stomach. The tryptophane 
values range from 1.8 per cent for kidney and liver to 0.95 per cent for 
stomach 
rasie Il 

Per Cent Contribution of Amino Acids to Total Nitrogen of Protein from Muscle Tisew 


and Organ . 


( Met I 

a = a a fone a - i. =x 7. 

Beef 13.89 3.81 9.71 2.61 2.08 1.16 4.52) 3.36'0.94.0.68 1.86.1.82 
Veal 15.16, 4.04:11.52) 2.34 2.35) 1.19 5.05) 3.75.0.98/0.72'1.92)2. 12 
Lamb 15.26) 4.01:10.39 2.37) 2.36 1.23 5.24 3.881.03,0.72 1.80'1.92 
Pork 13.31 3.66.10.36 2.09 2.13 1.12 3.81 3.39.:0.83.0.72:2.0111.89 
Chicken, light 13.89 3.9610.11 2.04 2.14 1.11 3.93 3.420.92)0.601.921.97 
dark 14.23 3.8610.08 2.44 2.10 1.05 4.54 3.370.93.0.641.73 2.14 

Purtl 13.49; 3.84) 9.22) 2.29) 2.24) 1.21) 5.29) 3.57/0.9310.42)1.75)2.41 
Frog 13.31) 3.55) 9.57) 2.47) 2.26 1.18 5.26) 3.62/0.9410.63 1 .86)1.87 
Salmor 12.84 3.8910.78 2.40 2.12) 1.18 3.30 3.08 0.89'0.5411.852.22 
(‘od fis} 12.58 3.45:10.06 2.27) 2.19 1.10 4.12) 3.3210.87.0.76)1.90'2.20 
Shrimp 13.18) 3.05 9.99) 2.53 2.29) 1.06 3.32) 2.91:0.800.721.75 2.01 
teef heart 14.95 3.60 8.50 2.70) 2.14 1.21 4.94 3.45:0.90:0.77'1.77)1.88 
Liver 13.33) 3.35) 7.21) 3.21] 2.22) 1.55) 6.04) 3.52/1.13/0.82/1.41/1.70 
Kidney 13.93 3.91! 7.44 2.90 2.23 1.55 5.09 3.34.1.320.841.5711.64 
Brain 12.82) 4.26) 7.16) 3.09' 2.46) 1.41) 5.88) 3.92)1.42/1.00/1.56/1.73 
Lung 12.64 3.28) 6.88) 2.17) 1.82; 0.95, 5.55; 2.82 1.12'0.69)1.06)1.47 


Stomach 13.27, 2.86 6.97 1.76 1.8L. 0.81 5.83 2.780.760.71 1.18 1.61 
*(‘orrection for solubility ippli 


t*No solubility factor applied 


According to the figures in Table I, liver, kidney, and brain are very 
much alike in amino acid composition but differ from stomach and lung 
in cystine, tryptophane, tyrosine, and phenylalanine. With reference to 
such significant differences in amino acid composition the functional 
characteristics of kidney, liver, and brain tissue should be recalled, to- 
gether with the fact that they contain large amounts of nuclear material, 
in contrast to muscle which represents large quantities of highly specialized 
the functional activities of the stomach and lungs 


evtoplasm. Similarly, 
Heart muscle is similar to skeletal 


may be related to the protein mixture 


muscle in function and amino acid composition, although it does appeal 
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to be lower in lysine. ‘Thus, the differences in the values for the beet 
organs might be accounted for by the presence in these organs of different 
proportions of various types of tissue (muscle, parenchymal, and connec- 
tive). Each tissue may have a different amino acid composition, deter- 
mined by the specific function of the organ. 

Table I] shows the per cent of the total nitrogen of the tissues repre- 
sented by the ten amino acids. — From 40 to 45 per cent of the total nitro- 
gen is thus accounted for by ten amino acids. 30 to 39 per cent of the 
total nitrogen is contributed by the seven amino acids determined which 
are essential to animal growth and nutrition. 

Fig. | is a graphic representation of the molecular proportionality of 
the ten amino acids in mammalian muscles and may be taken as represen- 


tative of the amino acid pattern in muscle meats in general. The use of 





MOLECULAR PROPORTIONS 
OF AMINO ACIDS 


TRYPTOPHANE 





CYSTINE 





molecular proportionality as a basis for comparison, as contrasted with 
percentage composition data, has the advantage of taking into account the 
different molecular weights of the amino acids. It will be seen that for 
every 10 moles of lysine furnished by mammalian muscle tissue about 9 
moles of serine, 7 of arginine and threonine, 4 of phenylalanine and tyro- 
sine, 3.5 of methionine, 2.5 of histidine, and about | of tryptophane and 
evstine are present 


SUMMARY 


The amino acid composition of the protein mixtures of ten edible muscle 
meats (beef, veal, lamb, pork, chicken, turtle, codfish, salmon, frog legs, 
and shrimp) and of six beef organ tissues (liver, kidney, brain, heart, 


stomach, and lung) is presented 








3S \MINO ACIDS OF TISSUE PROTEIN 


The determinations of amino acid distribution included arginine, histi- 
dine, lysine, tyrosine, tryptophane, phenylalanine, serine, threonine, 
cystine, and methionine, seven of which are nutritionally essential for 
optimal animal growth, either through a limited ability or a total inability 
of the body to synthesize them. 

The protein mixture which makes up voluntary muscle tissues Is similar 
in Mammalia, Aves, Amphibia, Pisces, and Crustacea, with respect to ten 
of the constituent amino acids Since muscle tissues of these various 
classes of animals do not differ widely in their amino acid patterns, the 
findings support the belief that the same or closely similar amino acid 
composition of muscle proteins is repeated throughout the animal kingdom 

Large! differences in amino acid composition were found “among the 
beet organs than among the muscle proteins of different species, as would 
be expected from their higher concentration of nuclear material and dif 
ferent functional activities 

In addition to an evaluation of the relative dietary values of the animal 
proteins in terms of ten specihe amino acids, the data demonstrate the 
amino acid pattern to which animal muscle must conform in the synthesis 


of tissue protein 


BIBLIOGRAPHY 


1. Mitchell, H. H ind Hamilton, T. 8 The biochemistry of the amino acids 
American Chemical Society monograph, New York (1929 
» Rose, W. ¢ Physiol. Re 18, 109 (1938 
3. Schmidt, C. L. A., The chemistry of the amino acids and proteins, Spring 
1938 

4. Mitchell, H. H., J. Am. Dietet. Assn., 18, 137 (1942 

5. Holt, L. I Jr Albanese, A. A., Brumback, J E., J , WKajdi { ind W ingerin, 
D.M., Proc. Soc. Exp. Biol. and Med., 48, 726 (1941 

6. Albanese, A. A., Holt, L. E., Jr., Brumback, J. E., Jr., Hayes, M., Kajdi, C., and 
Wangerin, D. M., Proc. Soc. Exp. Biol. and Med., 48, 728 (194! 

7. Rose, W. ¢ Haines, W. J., and Johnson, J. E., J. Biol. Chem., 146, 683 (1942 

8. Osborne, T. B., The vegetable proteins, Monographs on biochemistry, London 
and New York, 2nd edition (1924 

9. Jones, D. B., Gersdorff, C. E. F., and Moeller, O., J. Biol. Chem., 62, 183 (1924 
25 

10. Jones, D. B., Moeller, O., and Gersdorff, C. E. F., J. Biol. Chem., 65, 59 (1925). 

11. Block, R. J., and Bolling, D., The determination of the amino acids, Minneapolis 
revised edition (1940 

12. Beach, E. F., Bernstein, 8S. S., Hoffman, O. D., Teague, D. M., and Macy, I. G 
J. Biol. Chem., 189, 57 (1941 

13. Milone, H.S., and Everitt, E. L., Proc. Soc. Exp. Biol. and Med., 61, 82 (1942 

14 Howe, ¥ E J. Biol. Chem , 61, $93 (1924 

15. Lugg, J. W. H., Biochem. J., 31, 1422 (1937) ; 32, 775 (1938 

16 Kapeller Adler, R., Biochem. Z., 262, 185 (1932 

17. Block, R. J., J. Biol. Chem., 106, 457 (1934 





1s. 
19. 
20. 


9] 


»”) 


23 
24 
”%6 


Nod 


BEACH, MUNKS, AND ROBINSON £39 


Tristram, G. R., Biochem. J., 33, 1271 (1939). 

Gulewitsch, W., Z. physiol. Chem., 27, 178 (1899). 

Graff, S., Maculla, E., and Graff, A. M., J. Biol. Chem., 121, 81 (1937) 

Sullivan, M. X., and Hess, W. C., J. Biol. Chem., 117, 423 (1937). 

Beach, E. F., and Teague, D. M., J. Biol. Chem., 142, 277 (1942). 

McCarthy, T. E., and Sullivan, M. X., J. Biol. Chem., 141, 871 (1941) 

Nicolet, B. H., and Shinn, L. A.,./. Biol. Chem., 139, 687 (1941). 

Shinn, L. A., and Nicolet, B. H., J. Biol. Chem., 188, 91 (1941). 

Sdrensen, M., and Haugaard, G., Biochem. Z., 260, 247 (1933). 

Beach, E. F., Munks, B., Robinson, A., and Macey, I. G., J. Am. Dietet. Assn 


in press 








SPECTROPHOTOMETRIC STUDIES OF THE STORAGE OF 
VITAMIN A IN THE BODY 


By ROBERT W. LITTLE,* A. W. THOMAS, ano H. C. SHERMAN 


From the Department of Chemistry, Columbia University, New York) 
Received for publication, March 26, 1943) 


It has been shown by rat growth and by colorimetric methods (1, 2) 
that the body’s surplus or reserve store of vitamin A is carried almost 
entirely in the liver. 

The development! of a spectrophotometric method in which the technique 
of destructive irradiation is employed has enabled us to confirm by an 
entirely independent technique the fact that the vitamin A content of 
muscle, even of animals which have received liberal amounts of this 
vitamin in their food, is so small as to be barely measurable, while that 
of the liver is responsive to the level of intake through a wide range. 

The present paper records the results of quantitative studies of the 
influence of age and of the level of nutritional intake upon liver storage 
of vitamin A as measured by the new spectrophotometric technique. 

These results, in addition to increasing the definiteness and precision of 
our knowledge of the influence of the level of intake upon bodily storage 
of vitamin A, show an unexpectedly large influence of age upon the extent 
of the surplus thus held in the bodies of individuals on diets of different, 


but respectively constant, vitamin A value. 


EXPERIMENTAI 


The experimental animals were albino rats of known hereditary and 
nutritional background. All were of the same strain, inbred in our labo- 
ratory through more than twenty generations. Different groups of these 
closely related animals were fed, in striet parallel, upon the three diets 
deseribed in Table I. Offspring of the second or later generations on these 
respective diets were killed and their tissues assaved for vitamin A at 
the ages of 30, 90, and 150 days. The two sexes are equally represented 
in the average findings shown in Table II for the different levels of vitamin 
\ feeding and for the three ages studied. 

Table Il gives the means plus or minus the average deviations of the 
results of the assays of the liver tissues from animals at each of the three 
ages, and from families on each of the three diets, here studied. Also 


a an) 


given in Table IT are the numbers of assays whose findings are represented 
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in each mean result reported. The number of animals, especially at the 
earlier ages, was larger than the number of assays, because the tissues of 
two or four of the smaller animals were often combined into one analytical 


sample for spectrophotometric assay. 


TABLE | 
( omposition of Die is 


All diets include distilled water ad libitum 


Diet | Diet Il Diet Il 
gm cm gm 
Whole milk powder 200 100 100 | 
wheat LOOO SO) SOO | 
Sodium chloride 20 16 16 
Cod liver oil supplements* 3 
iu. per om 4. per en t.u. per gm 
Vitamin A contentt 3 6 12 ; 
~aeee ) 
Eli Lilly and Company; potency 2400 1.U. per gm 
t As determined by biological assay 1n this laboratory 
‘ 
TABLE II 
Eff ct of Age and Die 4 ipon Vitamin A Content of L e7 } t 
i 
Diet I Diet Ll Diet Ill 
Age ( 
N f assays I.U. per gn N { assays I.U. per gm N f assays I.U. per gm 
days | 
30 ‘ 5.1 + 0.7" 5 13+ 2° 70 + 14" | ; 
90 5 §.0 + 1.1 | 60 + 10 j 229 + 35 
150 5 5.1 + 1.1 5 12 + 17 ) 325 + 40 
. , 
Average deviation 
I 
DISCUSSION I 
The findings of our spectrophotometric assays, given in Table IL in \ 
terms of international units per gm. of fresh liver tissue, may be read 
downward for the effeet of age in the animals on each diet, respectively, | 
and horizontally for the effects of increasing nutritional intakes of vitamin ( 
\ as manifested at each of the three ages studied 
The intake ley el of Diet I of Tables ] and II. so 2.1 per gm. ol vitamin A é 
value as measured by rat growth assays, is that of Diet (Laboratory 
No. 16) of previous papers Irom oul laboratories It is adequate in the 
sense that it supports normal growth, reproduction, lactation, and length 


of life, generation after generation. But while the diet is thus adequate, 


it is not optimal, and its vitamin A value appears to be near the minimal 
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limit of the adequate zone. At this approximately minimal adequate 
level of vitamin A value of diet, the vitamin A content of liver tissue was 
about 5 1.v. per gm. at 30 days (end of infancy in the rat), rose to 8 at 
60 days, and then declined slowly to about 5 at 150 days of age (early 
adulthood in the rat). These differences are small in absolute terms, but 
relative to each other they indicate an increase of 60 per cent in the vita- 
min A concentration in the liver between infancy and adolescence, and 
then a return to the original concentration by early adulthood. In the 
light of the deviations of the assays, these age differences if they stood 
alone might be regarded as probably but not certainly significant. Their 
significance to the purport of this paper lies chiefly in the striking contrast 
between them and the corresponding age differences found in the animals 
whose diets were of higher vitamin A value. On Diet II (7.e., with a 
2-fold higher intake level) there was an unquestionable (more than 4-fold) 
rise in the concentration of vitamin A in liver tissue between the ages of 
30 and 90 days and a probably significant fall in this concentration between 
the ages of 90 and 150 days. On a diet in which the vitamin A value was 
again doubled (Diet III, with 12 1.u. per gm.) the liver concentration of 
vitamin, already much higher at the age of 30 days, showed a much larger 
rise between the ages of 30 and 90 days, and continued to rise between 
the ages of 90 and 150 days. ‘Thus whether or not the age changes at the 
lowest intake level be regarded as significant, the data as a whole show 
clearly that increase of the vitamin A value of the diet to 2-fold and 
1-fold the lowest level here studied enables the body to store in the liver 
higher concentrations of vitamin A, and to continue the increase of these 


concentrations to higher ages. 
SUMMARY 


Using u spectrophotometric method developed in our laboratories, we 
have studied the concentrations of vitamin A in the liver tissues of rats 
maintained to the ages of 30, 90, and 150 days on family dietaries of 
vitamin A values of 3, 6, and 12 L.v. per gm., respectively. 

In striking degree, the higher levels of nutritional intake support higher 
levels of concentration of vitamin A in the liver, and enable the body to 
continue thus to increase its store of this vitamin to higher ages. 

The investigation of the interrelations of intake level, bodily store, and 


age is being continued. 
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We have reported recently (1, 2) a method for the determination of 
thiamine, depending on the color produced with diazotized ethyl p-amino- 
benzoate. In view of the interest in p-aminobenzoic acid and its anti- 
sulfanilamide action it was thought advisable to study the reversibility 
of the reaction, with thiamine as a reagent for this acid. Preliminary work 
had shown that diazotized p-aminobenzoie acid would produce a color in 
the same manner as the ethyl ester but of a lesser intensity, and that fur- 
thermore a closer control of pH was required. Further investigation 
showed that this procedure could be put on a satisfactory quantitative 
basis with certain advantages over previous methods. Among these are 
the specificity of the reaction, the general availability of the thiamine 
reagent, and the possibility of adaptation to simultaneous determination 
of p-aminobenzoic acid and various substances of the sulfanilamide type. 


EXPERIMENTAL 


Reagents 

1. A 0.2 per cent aqueous solution of thiamine chloride 
2. A 2 per cent aqueous solution of sodium nitrite 

3. Acetie acid, 35 per cent. 

I 


5. O.1 ~ iodine solution. 


\ sodium hydroxide (approximate 


i. | per cent sodium bisulfite. 


ri Isonmvl aleohol, reagent grade, 
Procedure 


loa suitable amount of a solution to be tested, add distilled water to 
make a volume of about 20 ce. Add 0.3 cc. of 35 per cent acetic acid. 
The pH of the mixture should be about 2.9. Add 5 ee. of a diazo solution 
made by mixing equal volumes of the thiamine and sodium nitrite solu- 
tions. ‘Then add 4 ce. of the sodium hydroxide solution (pH of the mixture 
about 11.6) and 5 ee. of the isoamvl aleohol. Add about 0.5 ce. of 35 per 
cent acetic acid to shift the solubility of the colored compound in the di- 
rection of the amyl alcohol (final pH about 5.3). Shake thoroughly, sepa- 
rate the aleohol, and dry over anhydrous sodium sulfate. Read in a 
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spectrophotometer or other suitable instrument. (For the standard ref- 
erence curve see Fig. B 

The smallest amount of p-aminobenzoic acid found to give a color under | 
the above conditions was about 10 y. Fig. 1 shows a standard reference 
curve obtained with known quantities of the acid, which was Eastman 
Kodak Compuny’s Red Label that had been recrystallized (m.p. 187.5°). 

A pplication of Method to Urine Ordinary urinary constituents do not 
interfere. In some urines low results were obtained due apparently to 
ascorbic acid and other reducing substances which had been known to 
interfere (1). These substances are therefore oxidized. 

Ordinarily | to 5 ec. of urine is used. Add water to about 20 ec. and 
0.3 ec. of acetic acid \dd 0.1 ~ iodine to the appearance of a brown color 





+ 
- ue 
©) \ 
$ } 
rograms p Amir rT a “a 
Fie. 1. Standard reference curve 
and then a tew drops ot | per cent sodium. bisulfite. Then add diazo 
reagent and proceed as above. 


(‘omplete recoveries of known amounts of p-amimobenzoic acid added 
to urme have been obtained in this way. Potassium permanganate cannot 
he used because it completely oxidizes p aminobenzoie acid some typical 
results are given in Table I 

Determination of Conjugated p-A minobenzore Acd-——p-Aminobenzoic acid 
is known to be excreted in the urine in both the free and conjugated forms 
3, 4). One of the latter is the acetvl derivative. This compound was 
prepared according to the standard methods for acetylation and reerystal- 
lized until the products gave a melting point of 255-256° (recorded m.p 
256°). The acetvl derivative did not give a color with thiamine under the 
above conditions. When hvdrolvzed by acid, this compound could be 


determined quantitatively as the free acid 
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Dilute a suitable amount of the compound in solution to about 9 ce. 
with water. Add 1 ee. of 10 per cent HCl. Heat in a boiling water bath 
for 1 hour. Cool and dilute to 20 cc. Then follow the procedure as de- 
scribed for the free acid, but use 6 cc. instead of 4 ec. of the sodium hy- 
droxide. Table I shows the recovery of the acetyl derivative from known 
solutions. 

When the hydrolysis is applied to urine, the same method is used, the 
hydrolyzed sample being shaken twice with a few cc. of isoamyl alcohol 
to remove the colored material formed in the heating process before the 
test is applied. The iodine solution is added to the hydrolyzed urine before 


TABLE | 
De fermination of p {on nobe nroic Acid mm U'rines High in Ascorbic Acid 


5 mg. of ascorbic acid were added per 100 ec. of urine 


Volume of urine »-Aminot p-Aminobenzoic 


Experiment No ised cid added - Treatment acid found 
| 10) Permanganate 0 
2 3 60 : 15 
; 5 80 15 
j 10 lodine 10) 
5 3 60 7 59 
6 5 SO) s 79 
i 1) None 0 
3 60 7 0) 
) 5 80) 0) 


the diazo solution is added. Recovery of the acetyl derivative from urine 
Is shown in Table I] 

Determination of Pp Iminobenzoic Acid in Presence of Sulfanilamide and 
Related Compounds —Bratton and Marshall (5) developed a method for 
sulfanilamide using N-(1-naphthvlethvlenediamine dihydrochloride. This 
procedure gives a color with p-aminobenzoie acid as well and has been used 
for the estimation of the latter (6). It is not possible therefore to estimate 
p-aminobenzoic acid and the sulfonamides in urine by this method when 
both are present 

We have tested by our procedure the following representatives of the 
sulfonamides, most of which produced a color. Sulfasuxidine did not pro- 
duce a color, while sulfathiazole produced a color which was insoluble in 
the isoamy! aleohol under the conditions of the test. Sulfaguanidine, 
sulfapyridine, sulfadiazine, and sulfanilamide produced a color which was 
soluble in isoamvl aleohol but insoluble in isopropyl ether, a solvent that 
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ean be used instead of isoamy! alcohol for the extraction of the color pro 
duced by the p-aminobenzoic acid. These results may be arranged as 
in Table III. 

Urinary Excretion of Ingested p-Aminobenzore Acid Karly reports in 
the literature indicated that p-aminobenzoic acid passed through the ani- 
mal organism unchanged (7, 8). Later investigators reported that when 


TABLE II 
ke st mation of {eetyl p-am nohe nrole 1y d after Hud olys 8 
5 ee. of solution + 4 ec. of water + 1 ee. of 10 per cent HCl were heated ina boiling 


vater bath for | hour 


\ p-a be 
Exp vent N ( _— 
Added Found 
] Water solution untreated 1) 0 
2 ty) ) 
2 SO) 0 
{ hvdrolyzed Ww) +] 
5 H0 0 
6 St) SO) 
7 Urine HW) Hi) 
\ 60 <0) 
} i et 
Taste Ill 
f) na n of Sulfonan 


Sulfasuxidine 
Sulfaguanidine 
Sulfapyridine 
Sulfadiazine 
Sulfathiazole 


Sulfanilamicde 


injected subcutaneously into rabbits it was excreted in part as the acety! 
derivative (3, 4 Strauss and coworkers (6) found that about two-thirds 
of ingested p-aminobenzoic acid was excreted in the urine in the free state 
and one-third in conjugated form in human subjects. They also found that 
the urinary exeretion was rapid, being largely completed within 12 hours 
Ellinger and Hensel (3) found, following injection ot the acid into rabbits, 


an excretion of the acetv] derivative for trom 1 to 4 davs Our obser ations 
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indicate also some excretion of the acetyl] compound beyond the 24 hour 
period in human subjects. No free p-aminobenzoic acid could be detected 
after 12 to 15 hours. Lewis (9) found, using a micro biological procedure, 
that as high as 96 per cent of the p-aminobenzoic acid in normal urine existed 
in the inactive form. Klein and Harris (10) found that only liver slices 
were able to synthesize the acetyl derivative of sulfanilamide and that the 
reaction was not reversible. Marshall, Cutting, and Emerson (11) found, 


TABLE I\ 
Urinary Excretion oOo} p Aminobenzoic Acid Following Inge stion 
Experiment A, 1.5 gm. of p-aminobenzoie acid were ingested in one dose; Experi 
ment B, 2.0 gm. of p-aminobenzoic acid were ingested in one dose; Experiment C, 
1.5 gm. of acetyl-p-aminobenzoic acid were ingested in one dose. No free p-amino- 
benzoic acid was found in the urines. All values are expressed in terms of free 


p aminobenzoic acid 


Experiment A Experiment B Experiment C 
— , p-Aminobenzoic acid Urine p-Aminobenzoic acid Urine — 
ume volume volume acid, 
lotal Free Total Free total 
me me d me me cc me 
1.00 215 301.0 120.4 
2.20 275 352.0 | 326.2 
3.10 75 2895 27.0 
1.00 130 O49.5 119.6 230 322.0 
6.00 Oo Gs 4 5.2 120 192.4 18.2 
7.25 390 218.4 
9 OU 125 11.5 0.7 114 27.4 
10.00 350 155.4 10.5 
12.00 210 10.9 0.0 170 37.6 5.7 213 14.7 
15.00 60 2.5 0.0 330 23.4 0.0 664 12.8 
24.00) 100) 1.5 0.0 130 7.0 0.0 174 1.5 
28 OO ISO 20 0.0 150 2.3 0.0 194 3.4 
Total 1700 1072.3 179.5 L980 1067 .6 154.0 2279 603.2 
however, that the reaction was reversible in the human body. We were 


not able to demonstrate any free p-aminobenzoic acid in the urine follow- 
ing ingestion of the acetyl derivative. The major part of the compound 
was eliminated in the first 12 hours but an appreciable excretion continued 
bevond the 24 hour period (Table IV). 


SUMMARY 


A method for the determination of p-aminobenzoic acid based on a color 


reaction with diazotized thiamine is described. Its application to studies 
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of excretion of free and conjugated p-aminobenzoic acid in urine is dis- 


cussed. 
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ACTIVATION OF THE ADENOSINETRIPHOSPHATASE SYSTEM 
BY ACETYLCHOLINE 


Sirs “s 


A 


We have demonstrated the presence of a calcium-activated adeno- 
sinetriphosphatase in the various tissues of rats, using a method of assay 
which appears to be specific for this enzyme. Since adenosine triphosphate 
is present in tissues and since its dephosphorylation is likely to be the im- 
mediate source of energy for vital endergonic reactions in general,! it seemed 
that the activation or inhibition of the adenosinetriphosphatase system 
should be an important factor in regulating the activity of a tissue. Heil- 
brunn and his students** have accumulated considerable data to support 
the theory that ‘‘a primary effect of a stimulating agent on a cell is to cause 
a release of calcium from organic combinations in the cortex of the cell into 
the main body of protoplasm.’ It has recently been shown‘ that adenosine 
triphosphate is dephosphorylated to adenosine diphosphate by a specific 
calcium-activated enzyme in skeletal muscle and that this enzyme appears 
to be identical with myosin. It was of interest therefore to determine 
whether acetylcholine, a chemical mediator of nerve stimulation,’ would 
activate adenosinetriphosphatase. Previous attempts® to demonstrate 
such activation have been unsuccessful, probably because purified adeno- 
sinetriphosphatase (myosin) was used. We have used dilute whole tissue 
homogenates® for the study of adenosinetriphosphatase, and have shown 
activation by acetylcholine. A rat submaxillary gland was removed, and 
small, weighed portions were placed in buffer (pH 7.4) or in buffer contain- 


ing acetylcholine, and incubated for various periods of time at 37 ; the 
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samples were then homogenized and the adenosinetriphosphatase activity 
was determined on aliquots with and without added calcium. The activ- 
ity is expressed as the amount of inorganic phosphate liberated per mg. 


, \ t Activity 
Acetylcholine Ir — ote: ? ided ’ I rease with 
concentration _ a . P acetylcholine 
nmin per ceni 

0 2 IS.0 $5 

1: 50,000 ” IsS.0 5.8 My 

1: 50.000 5 IsS.0 6.6 vi 

1: 50.000 12 IS.0 6.6 17 


of fresh tissue in 15 minutes. When an excess of calcium was present, no 
increase In activitV Was obtained with acetylcholine When no calcium 
was added, a considerable increase in activity was obtained with acetyl] 
choline as compared with that in the control. Whether the action of 
acetvicholine Is to be explained on the basis of Heilbrunn’s general theory 
remains for future research, but the data are compatible with such a view. 
The activation of the adenosinetriphosphatase svstem by acetylcholine 


cannot be demonstrated when the test is applied directly to a homogenate 
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EFFECT OF LIGHT IN THE VAN SLYKE METHOD FOR THE 
DETERMINATION OF AMINO GROUPS 
Sirs: 

During a study of protein-aldehyde reactions, unexpected variations were 
obtained in amino nitrogen determinations of proteins and their derivatives 
by the manometric method of Van Slyke.' Of the amino acids studied, only 
tyrosine showed a similar behavior. While a 3 minute reaction period 
(usually employed for a-amino groups) gave values which did not signif- 
icantly exceed the theoretical, the amount of inert gas developed by tyro- 
sine in 15 minutes (used for proteins) corresponded to 100 to 200 per cent 
of the theoretical amino nitrogen. A search for the cause indicated a cor- 
relation between these high values and the intensity of light falling upon 
the reaction chamber. The highest values were obtained in direct sun- 
light; values 30 to 40 per cent above theoretical were obtained in diffuse 
daylight, and theoretical values in the dark. The effective spectral region 
appeared to be within the visible region, since sunshine exerted its action 
after passing through three glass walls and a water jacket. The effects 
produced by a LOO watt projection lamp and by a mercury vapor lamp 
both placed near the reaction vessel) were of the same order. 

The effect of light on the reaction of several compounds with nitrous 
acid was studied subsequently, in the manner described above. The pro- 
jection lamp served as light source and a black paper cover was applied to 
insure darkness. Only phenolic compounds were found to give consider- 
ably higher light than dark values; acetylation of the phenolic groups pre- 
vented the photoreaction.2. Attempts to apply this reaction to the deter- 
mination of tyrosine in proteins were unsuccessful, possibly because of 
precipitation and clumping. However, the difference between light and 
dark amino nitrogen values has given useful indications as to the relative 
amounts of free phenolic groups in certain proteins and their aldehyde- 
treated derivatives 

Van Slvke. D. D.. J. Bial. Chem., 83, 425 (1929 

The reaction mechanism postulated by Morel and Sisley (Morel, A., and Sisley, 
P.. Bull. Soc. chim., 41, 1217 (1927)), involving diazotization and the formation of a 
dihydroxy compound and nitrogen, was favored by the yellow color of the reaction 
mixture and the increased chromogenic value with Folin’s reagent. The slightly 
higher light than dark values observed for amino acids other than ty rosine are 


f xplainable as due to an increase in the rate of secondary reactions (i.e. of other than 


a-amino groups) by the small rises in temperature during illumination (1-2°). The 
tvrosine reaction is not due to this factor (Sehmidt, C i. & ill Biol. Chem , 82, 
O87 (1929 It was also found unaffected by the addition of potassium iodide. A 


somewhat less pronounced effect of light was observed also in the volumetric ap 
paratus (15 minutes 
153 








154 LETTERS TO THE 


Effect ol Light on De elopn ent of Inert Gas by ] 
T) Vitrous 


j 
edaled 


Cul 


Averages of two or more analyses; reaction time, | 


for the conditions of illumination see the text 
Compe 
l-Tyrosine 
Carbobenzoxy-l-glutamy]-l-tvrosine 
Glyeyl-l-tyrosine 
p Cresol 
Phenol 
l-Arginine 
l-Lysine 
l-Tryptophane . hist ysteine* 
l-Phenvlalanine, /-threonine, glycine 
: These ompounds l¢ eloped more than | mols 


H.S. Oleott o 
suggestions and critic 


Dr. M 


yplied samples of glyev! 


Che author is indebted to D1 


, 
search Laboratory to 


technical assistance Bergmann ol 
New York, kindly su; 
/-glutamy! /-tyvrosine 
Western Regional Resea 


j 
Ag ilfura md indus (he 


1crd 


5 minutes; 


EDITORS 


Volk 


} 
/ 


of \ arious 


( ‘ompou nds 


; ‘ ’ 1) = 
emperature ‘ 


Di ffe nce 

D I 
f 7 

1.00 1.64 0.67 
0.15 0.79 0.64 
iif L064 0.55 
0.00 0.23 0.23 
0.00 0.07 0.07 
1.07 | 7) 0.08 
1} SO 7 00S 

0.03 

0.02 
roge! I cart 


n Regional Re 
\I 


the Rockefelle: 


Weste) 


ism and to 


f the 
( oper for 
Institute, 


tvrosine and carb ybenzox\ 


NKI { ONRAT 














THE LIFE-MAINTAINING AND GLUCONEOGENIC PROPERTIES 
OF THE CORTIN-LIKE MATERIAL EXCRETED 
POSTOPERATIVELY* 


Sirs: 

Weil and Browne! and Dorfman et al.2 showed the presence of cortin- 
like material in the urine of postoperative patients and of normal men by 
demonstrating the ability of extracts of these urines to protect the adrenal- 
ectomized rat against the lethal action of cold. By a series of solvent parti- 
tions, which will be described in detail in a later communication, it is now 
possible to obtain from the ethylene dichloride extracts of pooled post- 
operative urine fractions which contain 10 to 30 Selye-Schenker* cold units 
per liter of urine (20 cold units are equivalent to 1 ml. of ‘adrenal cortical 
extract,’ Connaught). The biological properties of these extracts have 
been studied. 

The ability of the cortin-like material to maintain life and growth of the 
adrenalectomized immature rat was ascertained. Male rats weighing 38 
to 45 gm. were used. 48 hours after adrenalectomy the extracts were 
administered subcutaneously twice daily for 12 days at a dose level in- 
dicated in the accompanying table. Sixteen of the twenty rats receiving 


Average 
Average No.of rats survival 


F 4 N . < 
Daily dose, No. of rats growth in | surviving | time after 


_— cold units injected 14days |onidthday, _ last 
injection 
gm. days 
Untreated controls 33 0* 
‘Adrenal cortical extract,” 
Connaught 20 i) | 22.4 9 3.7 
Urinary extract 1() 20 8.9 16 4.8 


* The average survival time was 4.9 days. 


urinary extract survived the period of injection, as contrasted with the 
controls whose average survival time was 4.9 days. Withdrawal of the 
extract was followed by the death of all sixteen rats in 4.8 days. The 
urinary cortin-like material was not as effective as the adrenal cortical 


extract in inducing gain in weight. 


* Supported in part by the National Research Council of Canada. 

' Weil, P., and Browne, J. 8. L., Science, 90, 445 (1939). 

> Dorfman, R. 1., Horwitt, B. N., and Fish, W. R., Science, 96, 496 (1942). 
Selve, H., and Schenker, V., Proc. Soc. Exp. Biol. and Med., 39, 518 (1938). 
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To determine the effect of the cortin-like material on carbohydrate 
metabolism 10 cold units were injected hourly into eight fasted adrenal- 
ectomized rats for 7 hours according to the method of Reinecke and Ken- 
dall.4 The liver glyeogen was measured and compared to amounts de- 
posited by 0.25 and 0.5 ml. of “adrenal cortical extract,’’ Connaught. 
The amount of glycogen deposited following administration of the urinary 
extract was about 20 times that found in the livers of untreated rats but 
less than that deposited by an equivalent quantity of adrenal cortical 


extract, as shown in the accompanying figure 


The demonstration that cortin-like material excreted postoperatively 
possesses life-maintaining and gluconeogenic properties supports the view 


that these substances mav be derived from the adrenal cort: 


VeGill University Clini ene anor EL. VeENNINE 
Roya Lictoria Hospita \I. M. HlorrmMan 
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FURTHER EXPERIMENTS ON THE ROLE OF THE AMINO ACIDS 
IN HUMAN NUTRITION* 
Sirs: 

A recent note! from this laboratory outlined the results of experiments 
designed to determine the nutritive significance of the amino acids in man 
as measured by their réle in the maintenance of nitrogen equilibrium. 
The data demonstrated (a) that the twelve amino acids previously shown 
to be dispensable for rats and dogs are also dispensable for human subjects, 
and (b) that in the latter species valine and methionine are indispensable 
dietary components. ‘These experiments have now been extended to in- 
clude threonine, leucine, isoleucine, phenylalanine, and histidine. 

‘The diets were similar to those previously employed, and furnished 7 to 
8.08 gm. of nitrogen and 2950 to 3950 calories per day. The vitamins were 
supplied in the form of cod liver oil, and appropriate amounts of crystalline 
thiamine hydrochloride, riboflavin, pyridoxine hydrochloride, nicotin- 
amide, ascorbic acid, calcium pantothenate, a-tocopherol, and 2-methyl- 
| 4-naphthoquinone. The unidentified factors were furnished in the form 
of a concentrate of liver equivalent to 5 gm. daily of Wilson’s “liver powder 
1:20.” 

Healthy voung men served as the subjects. In each, a fore period pre- 
ceded the attempt to induce an amino acid deficiency. During this time, 
except as indicated below, the subjects received the ten amino acids pre 
viously shown to be necessary for animals. When nitrogen equilibrium 
had been established, the amino acid under investigation was withdrawn 
from the food. The results demonstrated that threonine, leucine, iso- 
leucine, and phenylalanine are necessary constituents of the diet of man. The 
exclusion of each from the food was followed by a pronounced negative 
nitrogen balance. This was most marked in the case of isoleucine and 
phenvlalanine, but was also unmistakable with leucine and threonine. 
\fter the experimental period, the missing amino acid was returned to the 
diet and resulted promptly in the reestablishment of nitrogen equilibrium. 

The findings with histidine were most unexpected. The removal of this 
amino acid from the food induced no change whatsoever in the nitrogen 
balance of the subjects. At first this observation was viewed with scepti- 
cism. We suspected that, despite the intensive purification of the amino 
acids, histidine had found its way into the food as a contaminant. Careful 
tests showed this not to be the case. Repetition of the feeding trials with 


Aided by grants from the Nutrition Foundation, Ine., and the Rockefeller 


Foundation 


tose, W. ( Haines, W. J., and Johnson, J. E., J. Biol. Chem., 146, 683 (1942 
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other subjects led to identical conclusions. Furthermore, the marked 
negative balance induced by isoleucine or phenylalanine deprivation was 
remedied promptly by the return of isoleucine or phenylalanine to the food 
even in the absence of histidine. Evidently, histidine is not necessary for 
the maintenance of nitrogen equilibrium in human subjects. The investiga- 
tion is being continued and the réle of tryptophane, lvsine, and arginine 


will be announced in the near future. 


Division of Biochemistry Witiiam ©, Rost 
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NOTATIN: AN ANTIBACTERIAL GLUCOSE AERODE- 
HYDROGENASE FROM PENICILLIUM 
NOTATUM WESTLING 


Sirs: 


A group of American workers' has recorded the isolation and chemical 
and bacteriological properties of penicillin B, an antibacterial substance 
obtained from cultures of Fleming’s? strain of Penicillium notatum Westling. 
They have shown that penicillin B is protein in nature and differs markedly 
from true penicillin, since it is insoluble in ether. They record that ‘‘glu- 
cose iS a necessary ingredient of the culture medium if the striking anti- 
microbial action of the active principle is to be observed.’’ They conclude 
that, ‘While the mode of action of penicillin B is not understood, it has been 
observed that such activity is bactericidal in nature rather than merely 
bacteriostatic.” 

Kocholaty® records observations indicating the presence in culture fil- 
trates of Penicillium notatum of an antibacterial substance distinct from 
penicillin to which he has given the name penatin. No information is 
given as to the isolation of penatin. 

A group of British workers,‘ working under the aegis of the Therapeutic 
Research Corporation of Great Britain Limited, has recorded the isolation 
and chemical and bacteriological properties of notatin, an antibacterial 
glucose aerodehydrogenase from Fleming’s strain of Penicilltum notatum 
Westling. These workers found that notatin only exerts its antibacterial 
activity under certain well defined conditions, but under these conditions 
it is a very powerful bactericide, completely inhibiting the growth of 
Staphylococcus aureus w dilutions as great as | part in | billion. It is also 
active in very high dilutions against a wide range of both Gram-positive 
and Gram-negative organisms. The essential conditions are (1) presence 
of oxygen, (2) presence of glucose, (3) absence of appreciable amounts of 
catalase. Notatin is a glucose aerodehydrogenase which in the presence of 
oxygen converts glucose into gluconic acid with the simultaneous production 
of hydrogen peroxide according to the equation 


R-CHO + H.O + O, — R-COOH + H.O, 


' Roberts, E. C., Cain, C. K., Muir, R. D., Reithel, F. J., Gaby, W. L., Van Brug- 
gen, J. T., Homan, D. M., Katzman, P. A., Jones, L. R., and Doisy, E. A., J. Biol. 
Chem., 147, 47 (1943 

* Fleming, A., Brit. J. Exp. Path., 10, 226 (1929 

Kocholaty, W.. J. Bact., 44, 142, 469 (1942). 

‘Coulthard, C. E . Short, W. _ Michaelis, = Sy kes, G., Skrimshire, G. E. Ris 

Standfast, A. F. B., Birkinshaw, J. H., and Raistriek, H., Nature, 160, 634 (1942) 
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We believe that the antibacterial activity of notatin is in the main, if not 
indeed exclusively, to be attributed to the formation of hvdrogen peroxide 

The experimental evidence on which the conclusions of the British 
workers are based is being prepared for publication, but in the mean time 
we wish to place on record our belief that penicillin B, penatin, and notatin 
are one and the same substance and are distinct, both in their chemical 


nature and in their mode of action, from true penicillin. 


London School of Hygiene and Tropical Medicine J. H. BirkInsHaw 
London, ngland Il. Rais TRIcK 
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l-AMINO ACID OXIDASE OF ANIMAL TISSUES 


Sus: 

The oxidative deamination of the natural amino acids which Krebs! and 
others? have studied in surviving tissues is now generally regarded to be due 
to the action of several enzymes. One of these has now been obtained in 
purified, soluble form from rat kidney and liver by methods of preparation 
involving principally low temperature acetone precipitation and salt frac- 
tionations. The enzyme catalyzes the oxidation of some twelve /-amino 
acids in the following descending order of velocities, (100) leucine, (44) 
methionine, (43) norleucine, (32) norvaline, (17) phenylalanine, (16) 
tryptophane, (14) isoleucine, (13) tyrosine, (9) cystine and valine, (8) 
histidine, and (6) alanine. It has little if any action on aspartic acid, 
glutamic acid, arginine, ornithine, lysine, serine, and threonine, and no 
action on B-alanine, glveine, or the d-amino acids. The available evidence 
is consistent with the view that this /-amino acid oxidase represents a single 
enzyme. 

The enzyme reacts with both molecular oxygen and hydrogen acceptors 
such as methylene blue. During the aerobic oxidation of leucine and 
norleucine and in the presence of catalase 1 molecule each of NH, and keto 
acid is produced for each atom of oxygen apsorbed. In the absence of 
catalase H.O. formed in the reaction accumulates, and the ratio O: NH, 
approximates 2:1. The keto acids corresponding to leucine, norleucine, 
and methionine have been isolated as the 2 ,4-dinitrophenylhydrazones. 

The d- and /-amino acid oxidases have similar solubilities in salt solution. 
Thus all our preparations of the /-enzyme contain some d-enzyme as well, 
It is possible, however, to eliminate the action of the d-enzyme by taking 
advantage of the fact that at pH 4.4 and in the presence of 15 per cent 
NaoSO, the d-enzyme is precipitated as the catalytically inactive flavin-free 
protein, whereas the /-enzyme is precipitated largely in the active, unsplit 
form. ‘Thus in the absence of added flavin-adenine dinucleotide such a 
preparation behaves exclusively as an l-amino acid oxidase. After several 
repetitions of the above precipitation the split d-enzyme is completely 
destroved, whereas a considerable proportion of the /-enzyme survives. 

The /-amino acid oxidase has been prepared from the kidneys of rabbit, 
cat, mouse, and pig, but in no case was a preparation obtained which ap- 
proximated the activity of the preparation from rat kidney. The animal 

'Krebs, H. A., Z. physiol. Chem., 217, 191 (1933); Biochem. J., 29, 1620 (1935). 


*Bernheim, F., and Bernheim, M. L. C., J. Biol. Chem., 107, 275 (1934). Bern 
heim, F., J. Biol. Chem., 111, 217 (1935). Kiseh, B., Biochem. Z., 280, 41 (1935). 
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l-oxidase resembles its analogue in Proteus vulgaris as tar as specificity, 


mechanism of reaction, and kinetics are concerned but it differs in being 

insensitive to capryl alcohol and HCN. 
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